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ABSTRACT 
 
Many developing countries around the world still lack access to clean fresh water. This 
refers to water that is free from contaminants as it is highly essential for human livelihood 
and environment. In countries along the coast, ocean water is the most available water 
resource; however, it comes at a salt concentration that is very high for human 
consumption. Most of available water has a salinity of up to 10 000 ppm and seawater 
consists of dissolved salt concentrations of about 35 000-45 000 ppm. This lead to 
desalination process being used as an option to treat seawater and this has become one of 
the most important processes of providing fresh water in developing countries. Therefore, 
the aim of this study was to investigate the practicability of using nanometer metal oxides 
and polymer/NMO composite as the potential adsorbents for adsorption desalination of 
seawater. The quantification of analytes in sample solutions was done using the 
inductively-coupled plasma atomic emission spectroscopy (ICP-OES). 
 
Nanometal oxide composites such as Fe2O3-SiO2, SiO2/Nb2O5/Fe2O3, Fe2O3-SiO2-PAN 
and zeolite/Fe3O4 adsorbents were used for the adsorptive desalination of saline water. 
Fe2O3-SiO2, SiO2/Nb2O5/Fe2O3 and zeolite/Fe3O4 adsorbents were prepared using a sol gel 
method whereas Fe2O3-SiO2-PAN nanocomposite was obtained using in-situ preparation 
method. The adsorbents were characterized using different techniques such as scanning 
electron microscopy (SEM), x-ray diffraction (XRD), transmission electron microscopy 
(TEM) and Brunauer–Emmett–Teller (BET). SEM image of Fe2O3-SiO2 nano composite 
showed the porous morphological structure. The Fe2O3-SiO2 showed partial crystalline 
pattern due to silica oxide that has pure amorphous structure, whereas the 
SiO2/Nb2O5/Fe2O3 has an amorphous structure. TEM structure of α-Fe2O3 has dominant 
shapes of spherical and some few cubic and hexagonal shapes, the hexagonal shape were 
also observed on Fe2O3-SiO2 nanocomposite material. SiO2/Nb2O5/Fe2O3 adsorbent 
resembled a core-like structure. The TEM result of Fe2O3-SiO2-PAN revealed that the 
crystalline Fe3O4 nanoparticles were encapsulated with PAN polymer that suggests the 
core-shell structure. EDX-mapping analysis showed the uniform elemental distribution 
which suggests the successful preparation of the in-situ method. 
vi 
The specific surface area was calculated using (BET) method, and the results were 
found to be 21.2, 85.2, 158 and 253 m2/g for SiO2/Nb2O5/Fe2O3, zeolite/Fe3O4, Fe2O3-
SiO2-PAN and Fe2O3-SiO2, respectively.  
The as-synthesised Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 nanomaterials were optimised 
and the following experimental parameters (initial metal ion concentration, adsorbent 
mass, sample pH and contact time) were studied using the response surface methodology 
(RSM) based on the small central composite design (SCCD). Using the optimal conditions, 
the adsorbent material was applied on the removal of Na, K, Mg and Ca from saline and 
real water samples. Equilibrium isotherms for the simultaneous adsorption of Na, K, Ca 
and Mg onto Fe2O3-SiO2 nanocomposite were analysed by Freundlich, Langmuir, 
Dubinin–Radushkevich (D–R) and Temkin isotherm models. The isotherms study showed 
that Langmuir yielded the best fit for all the adsorption media. The kinetic study was also 
done on the sorption of Na, K, Ca and Mg onto Fe2O3-SiO2 nanocomposite and results 
were interpreted using pseudo-first order, pseudo-second order and the intra particle 
diffusion. The kinetic study of adsorption showed that the batch adsorption system 
followed pseudo-second order kinetic mode.  
The optimisation of Fe2O3-SiO2-PAN adsorbent was performed by the Box–Behnken 
design matrix. The optimal conditions were successfully applied on the treatment of Al, 
Ba, Cd, Cu, Co, Mn, Ti, V, and Zn, respectively from the seawater samples obtained from 
Durban, South Africa. The removal efficiencies ranged from 98-99.9% and the adsorption 
capacity was between 2.0 and 5.0 mg g-1. These findings revealed that the prepared 
material had high affinity towards target analytes and can be used for adsorption 
desalination of seawater.  
Furthermore, fixed-bed column study was performed for the removal of Ca, K, Mg, Mn, 
Co, and Zn from synthetic brine solution and seawater samples using zeolite/Fe3O4 
nanocomposite. The breakthrough curve was studied using parameters obtained from 
response surface methodology (pH, bed mass and concentration). The data was then 
modelled using the Thomas and Yoon-Nelson model and the breakthrough curve fitted 
well on both models. The zeolite/Fe3O4 composite proved to be an efficient adsorbent for 
the removal of Ca, K, Mg, Al and Pb from real seawater with removal ranging from 83-
99.9%. 
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CHAPTER 1: 
GENERAL INTRODUCTION 
1.1 BACKGROUND 
Water is widely regarded as the world’s most important natural resource, even though 
freshwater systems are directly threatened by human activities (Vörösmarty et al, 2010). 
Worldwide, about 844 million people lack basic drinking water service (WHO, Progress on 
Drinking Water and Sanitation and hygiene, 2017). The rapid growth of population has led 
to water shortage and the problem is expected to worsen by 2025. South Africa is generally 
viewed as a water-stressed country with an average annual rainfall of 500 mm, which is 
approximately 60 % of the world average (Mukheibir et al, 2008). The main contributing 
issues affecting South Africa’s water resources management include: (i) Natural conditions 
such as low rainfall with high evaporation rates; (ii) population growth and economic 
development and (iii) increased pollution of available resources and policies pertaining to 
management of water resource, as there is a limit to the development of new dams and 
water transfers that we can afford or sustain. 
The use of underground water, seawater and mine water is limited due to the 
contamination and the huge cost for contamination removal, salt and unwanted particle 
separation (Wang et al, 2012, Lapworth et al, 2012). In addition, water pollution is 
increasing due to high population, industrial growth and agricultural activities. Therefore, 
the scarcity of fresh water resources has resulted in mine and seawater being used as a 
viable potable water resource. Desalination of water (sea and mine water) has become an 
option to sustain fresh water available. Due to high capital costs, transportation costs, 
significant maintenance requirements and a shorter operating lifetime than traditional water 
treatment plants, it is recommended to apply desalination as one among several water 
supply options in a differentiated and balanced water portfolio (Ziolkowska et al, 2015). 
However, the output of a desalination plant leads to great quantities of brine generated that 
causes environmental problems. The generated brine causes concern on the potential 
effects because it is normally returned to the marine environment. This might have 
negative effects because they do not only have highly saline nature but also contain 
unwanted chemicals that are added during purification process such as chlorination, pH 
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adjustment, coagulation, flocculation, dechlorination, antiscaling and membrane cleaning 
(Falkenberg and Styan 2015). 
Several methods have been developed for removal of inorganic ions from aqueous 
solutions such as electro dialysis (Zhou et al, 2011), reverse osmosis (McGraw-Hill 
Professional, 2010), evaporation and cooling (Rayan et al, 2014), solvent extraction (Qi et 
al, 2008), and nano filtration (NF) (Das et al, 2014), among others. However, some of 
these technologies consume a large amount of energy and involve high operating costs 
associated with infrastructure and skilled labour, making them difficult to be implemented 
in developing countries and resource-limited area (Yang et al, 2013). Therefore, there is 
still a need to develop innovative desalination technologies that can process saline water at 
different scales with a focus on minimizing energy costs, maximizing water recovery, and 
becoming more environment friendly (Kang et al, 2014). For this reason, researchers have 
continuously developed new improved technologies and one of the solutions that can meet 
the mentioned features is adsorption desalination system. Adsorption technique is more 
versatile and widely used due to its low cost, simple operation and flexibility (in terms of 
using different types of adsorbents). In addition, the adsorption technique process is known 
to be effective in eliminating all forms of salts, and it is able to decrease the TDS to less 
than 10 ppm (Alsaman et al, 2016). For this reason, different adsorbents have been used for 
removal of inorganic ions in various water matrices. These include synthetic polymers (Qi 
et al, 2008), biopolymers (Barakat et al, 2011), metal oxides (Hua et al, 2012) and 
composite materials (Hallaji et al, 2015), among others. 
The NMOs that was investigated in this study include ferric oxide, niobium oxide and 
silica oxide. Some of these nanometer sized metal oxides have shown high surface area 
and specific affinity for heavy metal adsorption (Hua et al, 2012). Synthesis of polymer-
inorganic metal nanoparticle composites has received much attention, owing to their 
physical and chemical properties which have high potential in many applications such as 
catalysis, electrochemistry, energy storage, microelectronics, optical devices, and sensors 
(Siriwatcharapiboon et al, 2012). 
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1.2 PROBLEM STATEMENT 
Climate change such as evaporation of ocean water and formation of sea ice are constantly 
increasing the salinity level and sea water, gradually decresing the availability of existing 
fresh water for household, agriculture and industry. The most important and largest waste 
stream from any desalination plant is the brine (or concentrated salt) stream that is 
produced during the separation process. Brines are generated in industrial applications such 
as power generation and they are pollutants that must be disposed of safely to avoid 
environmental pollution (Liyanaarachchi et al, 2014, Muriithi et al, 2014). The brine 
produced often has a total dissolved solids (TDS) concentration of between 20 000 mg L-1 
and 35 000 mg L-1 (Dama et al, 2009). Since brines contain high salt loads, the latter can 
leach into ground water if discharged accidentally thus leading to contamination (Muriithi 
et al, 2014). The use of brine lines is a relatively new approach in which agencies combine 
their high TDS streams for discharge to a common brine line. The combined high TDS 
water is discharged to a receiving water body with a high TDS concentration such as a sea 
or ocean (McGraw-Hill Professional, 2010). Effectively, brines cannot be released back in 
the sea because it provokes an increase of the salt concentration that is hazardous to all 
marine life. This problem has not been treated until now, and brine production gives rise to 
storage problems. This has made it urgent to invent an appropriate water treatment 
technology that not only removes macro-, micro- and nano-pollutants but also desalinates 
water to a significant extent. In recent years, nanomaterials have received more attention 
due to their attractive properties such as high surface area for sorbent material that leads to 
high adsorption capacity. For these reasons, the choice of suitable materials for sorption of 
inorganic ions from brine solution is very important. Therefore, in these study attractive 
properties of the polymer and nanometer sized metal oxide was combined to form 
Fe2O3SiO2-PAN nanocomposite materials, with the polymer of choice being 
polyacrylonitrile (PAN).  
There is a need to develop cost effective desalination technology that can be applied at 
different scale in developing countries. This technology will offer more efficient utilization 
of the sorbent capacity that results in better quality of the treated water with high yield 
operation.  
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1.3 HYPOTHESIS 
Nanometer sized metal oxide and polymer/NMO nanocomposite have great potential as an 
effective sorbent for removal of major cations in brine solution. 
1.4 OBJECTIVES OF THE STUDY 
1.4.1 Main objective 
The main objectives of this project were to study the feasibility of using prepared 
nanometer metal oxides and polymer/NMO composite as the potential adsorbents for 
desalination of seawater.  
1.4.2 Specific objectives 
Objectives of the study were carried out as follows:  
 
1. Synthesis and characterization of NMO and NMO/Plolymer composite in the 
sorption of major and trace metal using XRD, TEM, SEM and BET surface area 
techniques. 
2. To determine various parameters affecting sorption of major and trace metal in 
seawater and synthetic brine solutions using response surface methodology on 
batch and column study. These parameters include sample pH, adsorbent dose, 
initial concentration, contact time and flowrate. 
3. To assess the suitability of various kinetic models, such pseudo-first-order, pseudo-
second order, and intra-particle diffusion models. Determination of the applicability 
of four different isotherm models, which is Freundlich, Langmuir, Dubinin-
Radushkevich, and Tempkin.  
4. Performance of NMO composite material on fixed-bed column study using the 
breakthrough curve. 
5. Regeneration and re-usability of the NMO composite adsorbent, determination of 
the potential re-use of loaded adsorbent to avoid secondary pollution. 
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1.5 THESIS SETUP 
This thesis has been arranged in five different parts that are briefly described below in each 
section. 
Part 1 is composed of two chapters, introduction and literature review. Chapter 1 that is 
the introduction gives the general background of the project, its problem statement as well 
as the objectives of this study. Literature review of the following topics: Desalination 
process technologies, adsorption desalination and nanomaterial adsorbents are discussed in 
Chapter 2. 
Part 2 is discussed in two chapters, which are chapter 3 and 4. Chapter 3 describe the 
results obtained from the sorption characteristics by prediction of batch adsorption process 
using Fe2O3-SiO2 nanocomposite. The applicationof the nano adsorbent for the removal of 
Na+, K+, Ca2+ and Mg2+ ions from salty water. The sorption isotherm and kinetic modelling 
were also discussed.Chapter 4 includes results and discussion on optimization of the 
following factors affecting the adsorption efficiency, such as solution pH, contact time, 
initial concentration, and adsorbent mass by response surface methodology (RSM). The 
characteristics of hematite and SiO2/Nb2O5/Fe2O3 as an adsorbent for the removal of Na
+, 
K+, Ca2+ and Mg2+ from seawater solution in a batch system was investigated.  
Part 3 has results that have been discussed in chapter 5 and 6. Chapter 5 presents the 
results obtained on the in situ synthesis of Fe2O3SiO2-PAN composite for treatment of 
trace metals using batch study. The results obtained on the preparation and characterization 
of the composite and its application in seawater was covered in this section. Chapter 6 has 
results obtained from the fixed-bed adsorption study ofzeolite/Fe3O4 nanocomposite 
material on the treatment of Ca, K, Mg, Mn, Co, and Zn from saline water. The 
breakthrough analysis and modelling of fixed-bed column study was investigated. 
Part 4: It is the general conclusion based on the overall results obtained from chapter 3 to 
chapter 6. 
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CHAPTER 2: LITERATURE REVIEW ON DESALINATION TECHNOLOGIES 
AND NANOMATERIALS 
2.1 INTRODUCTION 
This chapter gives brief description on the traditional desalination technologies such as 
multi stage flash distillation (MSF), multi effect distillation (MED), vapor compression 
distillation (VCD), multi effect evaporation (MEE), solar desalination, vacuum freeze 
desalination (VFD) reverse osmosis, forward osmosis, electro dialysis and capacitive 
distillation.  
2.2 DESALINATION PROCESS TECHNOLOGIES 
Desalination is a water treatment process that removes salt from seawater in order to be 
used as portable fresh water or for agricultural purposes in areas lacking fresh water 
resources. When desalination started in 1980s, it was to produce fresh water from seawater 
for boilers and drinking purposes in ships, however it is now being used for commercial 
purposes (Ghaffour et al, 2013). There are two primary categories of desalination methods 
in use today; thermal distillation (phase change) and membrane distillation (single phase). 
Thermal desalination, which is often called distillation, has been used in the past for the 
treatment of seawater and brackish water to convert them into drinkable water. This 
process is based on the principle of boiling or evaporation and condensation, where by 
water is heated until evaporation state is reached (Shatat & Riffat, 2012). Membrane 
distillation (MD) is a thermal driven process, where by only vapor molecules are 
transported through porous hydrophobic membrane. The main requirement for MD is that 
its membrane must not be wetted and only vapor and condensable gases must be present 
within its pores (El-Bourawi et al, 2006). 
2.2.1 Thermal or distillation desalination processes 
Thermal or distillation is the desalination process that uses heat energy to remove salt in 
seawater. In this process, the seawater is heated to the boiling point to produce water 
vapor, which is then condensed to form freshwater (Karagiannis et al, 2008). Major 
thermal processes for desalination include multi stage flash distillation (MSF), multi effect 
distillation (MED), vapor compression distillation (VCD), multi effect evaporation (MEE), 
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solar desalination and vacuum freeze desalination (VFD). The subsequent subsections 
briefly discuss each process. 
2.2.1.1 Multi Stage Flash Distillation (MSF) 
The multi-stage flash (MSF) distillation process is based on the principle of flash 
evaporation. In this process, seawater is evaporated by reducing the pressure as opposed to 
raising the temperature. The MSF concept allied with parallel development in technology 
coincided with increasing demand of water in arid regions such as Middle East (Khawaji et 
al, 2008). The MSF plants usually operate at top brine temperatures of 90-120 °C, 
depending on the scale control method selected. Operating MSF plants at higher 
temperatures limits of 120 °C tends to improve their efficiency, but causes scaling 
problems and accelerated corrosion of metal surfaces in contact with seawater (Saidur et al, 
2011). Adding more stages also improves the efficiency and increases water production, 
but it increases the capital cost and operational complexity. Researchers have studied 
Modelling and optimization of MSF (Hamed et al, 2001; Al-shayji et al, 2005). Al-shayji 
et al (2005) successfully demonstrated the use of artificial neural network (ANN) for 
modeling and optimizing using the MSF process. El-Ghonemy, (2017) performed a case 
study on the performance test of seawater multi-stage flash distillation plant. The results 
highlighted that the large-scale thermal desalination plant performance under cold weather 
location, is more economic than hot weather (higher PR and requires a lower pumping 
power for cooling water circulation). Herandi et al, (2017) studied the multi-stage slash 
desalination system with brine recirculation and the thermal vapor compression (MSF-BR-
TVC). It was found that the system with two ejectors that extract steam from two 
successive middle stages of the heat recovery section could achieve maximum 
performance ratio of 9.90. This result showed that increasing the number of stages in the 
heat recovery section increases performance ratio.  
2.2.1.2 Multi Effect Distillation (MED) 
The multi effect distillation (MED) process is similar to the MSF process. MED, like MSF, 
takes place in a series of vessels (called effect) and uses the principle of reducing the 
ambient pressure with various effects (Rayan et al, 2014). The MED process is more 
efficient than the MSF process in terms of heat transfer and fresh water production cost 
(Shatat et al, 2012). Azimibavil et al, (2016) conducted dynamic simulation of an MED 
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process through deriving, discretizing, and solving PDEs governing its tube-bundle 
behavior. During a study the dynamic process showed that if unexpected interrupt ions 
occurs during steady-state operation, such as failure in feeding mainstream for 200 s, 
meaning the process will last almost 550 s to return to its steady normal operation. de la 
Calle et al, (2014) shows the plant that has 14 effects in a vertical arrangement in which the 
seawater descends by gravity from the 1st to 14th  effects achieving a 3 m3 /h nominal 
distillate production. Chorak et al, (2017), performed experimental characterization of an 
MED system couple to a flat plate solar collector field. Therefore, it was concluded that the 
operational parameters, condenser vapor temperature (Tc) and feed water flow rate (mf) 
are considered as the two main parameters in the optimization of the MED plant operation.  
2.2.1.3 Vapor Compression Distillation (VCD) 
Seawater desalination device with technical vapor compression flash was developed to 
avoid the shortcoming of several existing desalination methods (Chou et al, 2011). Jin et 
al, (2014), showed that by improving the flash process, the energy loss during the flash 
process could be decreased. The performance of the device is improved when high 
efficiency plate heat exchanger of the three-flow sheet and backflow is used to improve the 
heat recovery and to reduce heat loss substantially. Yehia et al, (1996), also investigated 
the feasibility of large vapor–compression distillation units. It was found that 60 000 cfs 
axial and radial inflow vapor compressors are only a step towards developing the large 
volumetric flow compressors, which can lead to efficient, and low-cost large driven 
distillation units. Ahamed et al, 2011, conduct the review on energy analysis of vapor 
compression refrigeration system. The results showed that energy losses increased with the 
increase in suction and discharge temperature of the compressor. For better performance of 
the system, compressor discharge and suction temperature should be within 65 °C and 14 
°C, respectively. 
2.2.1.4 Multi Effect Evaporation (MEE) 
The multi effect evaporation (MEE) process is considered one of the oldest desalination 
processes. MEE technology experienced some problems in the past such as scaling and low 
production capacity (Al-Mutaz & Wazeer, 2014). The MEE system consists mainly of 
number of single effect evaporation that is built in series and an end condenser. Al-Mutaz 
& Wazeer, (2014) found that in all MEE feed arrangements (forward, backward and 
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parallel/cross feed), specific heat transfer area and gain output ratio increases and specific 
heat consumption decreases with the increasing number of effects. Druetta et al, (2013) 
showed the main process parameters widely used to analyse the global performance of 
MEE systems, which are the following: 
 Performance Ratio (PR) is the relationship between the amounts of distillate 
proceeds and the steam supplied as heating medium. 
 Specific total heat transfer area (sA), which is defined as the ration between the 
total heat transfer area and the amount of distillate produced. 
 Conversion Ratio (CR), defined as the ratio between the amount of distillate 
produced and the feed seawater flow-rate. 
 Specific cooling water rate (sWc) is defined as the ratio between cooling water 
flow-rate and the amount of distillate produced. 
 Specific total heat (sQ), defined as the ration between the total heat and total 
amount of distillate produced. 
Druetta et al, (2013) then presented the deterministic and simplified NLP mathematical 
model to simulate and optimise the MEE system. The results showed that, novel flow-
patterns for the distillate and vapour streams were obtained which improve the process 
efficiency in comparison to the conventional one. The total heat transfer area required for 
the novel flow-patterns was found to be 5.16% lower than that required for the 
conventional one. Esfahani et al, (2015) study evaluates conventional and advanced energy 
and exergoeconomic analyses for MEE-absorption heat pump desalination system. The 
energy analysis was conducted to investigate the effect of key parameters on the energy 
performance of the system. Two optimal operational conditions were found for minimum 
overall avoidable energy destruction and minimum overall avoidable cost rate of the 
system. 
2.2.1.5 Solar Desalination 
Solar desalination has been used as a solution for supplying drinking water to small 
communities of arid, semi-arid zones in areas were solar energy, and ground water is 
abundant (Ouar et al, 2017). The water supply system increasingly requires significant 
amount of energy to function, this problem is being addressed by solar desalination 
systems using the sun’s energy to remove salt from saline water. According to the results 
showed by Ouar et al, (2017), absorbent materials increase the water absorption of solar 
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rays. Some of them can play the role of heat storage medium and consequently lead to 
nocturnal distillation for a few times that can results in increasing the solar productivity. 
Pugsley et al, (2016) briefly reviewed the global applicability of solar desalination where 
the overall feasibility of solar desalination factors such as technology maturity, economic 
and environmental impacts were discussed. The global applicability of solar desalination 
based on a rank scoring approach is shown in Figure 2.1. Solar desalination was described 
as being “highly applicable” for countries and sub-national units achieving rank scores of 
R>0.422. 
Li et al, (2018), investigated performance study on a passive solar seawater desalination 
system using multi-effect heat recovery. The experimental results showed that the designed 
seawater desalination system reached primary demand and had showed good fresh water 
production performance. The unit area of 4.23 kg/m2 yield of all-day fresh water was 
reached on the sunny day and 3.03 kg/m2 on the cloudy day without power consumption. 
 
 
 
Fig. 2.1: Global applicability of solar desalination based on a rank scoring approach 
(Pugsley et al, 2016). 
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2.2.1.6 Vacuum Freeze Desalination (VFD) 
Freeze desalination (FD) is an emerging technology that is used for seawater desalination 
due to its low energy characteristics and insensitive to fouling problems. Chang et al, 
(2016) applied the freeze desalination of seawater using liquefied natural gas (LNG). The 
vacuum filtration was found to effectively separate ice from the washing water. Melak et 
al, (2016) also investigated application of freeze desalination on chromium (VI) removal 
from water. Figure 2.2 shows the casting off concentrated chromium, with a plastic tube of 
ca. 20mm diameter that was inserted with it was upside down in each plastic beaker. This 
study confirmed that the freeze separation process has potential for Cr (VI) removal from 
water, with small rejected water and relatively efficient, producing 85% (V/V) of melted 
ice as desalted water. Jayakody et al, (2017) showed that computational fluid dynamics 
(CFD) is a powerful technique that enables the effective analysis and investigation of 
thermodynamics process. Results further showed that the volume of ice produces per unit 
surface area (mm2) for freezing from top, lateral and base are 4.50, 4.20 and 3.97 mm3 
respectively. Freezing from top has shown to be more efficient, where the thermal and 
solutal buoyancies act in opposite directions. 
 
 
Fig. 2.2: Overview of the experimental setup with ca. 20 mm diameter plastic tubes being 
inserted upside down in plastic beakers containing Cr contaminated water (Melak et al, 
2016). 
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2.2.2 Membrane Desalination Processes 
Membrane processes contribute significantly to modern desalination and wastewater 
treatment sectors. This process operates without heat and requires less energy than 
conventional thermal separation such as crystallization and sublimation. Major membrane 
processes for desalination have been discussed in this section which include Electro 
dialysis (ED/EDR), Reverse osmosis (RO), Forward Osmosis (FO), Membrane distillation 
(MD) and Capacitive deionization (CDI), among others. 
2.2.2.1 Electro dialysis (ED/EDR) 
In ED process, ions are transported through a membrane by an electrical field applied 
across the membrane. An ED process consists of the following five basic components: pre-
treatment system, membrane stacks, low-pressure circulation pump, power supply for 
direct current (rectifier), and post treatment (Zhou et al, 2011). To optimize the efficiency 
of the electrochemical treatment, oxidation yield should reach 100%. The pH is the most 
important parameter that influences the yield, and ion exchange may be introduced to 
increase the selectivity and control the pH (Naimi et al, 2010). There are four transport 
mechanisms taking place at the stack namely; 
 
(a) Ion migration flux: The charged species in the solution are transported to the cathode 
or anode through the ion-exchange membranes. 
(b) Electro-osmosis flux: Water solvating the ions also migrates through the ion exchange 
membranes due to the current intensity applied. 
(c) Ionic diffusion Flux: Migration of ions from the concentrate compartment to the 
diluate compartment due to the creation of a concentration gradient. It is also known as 
back diffusion. 
(d) Osmosis Flux: Transport of water from the diluate compartment to the concentrate. 
 
It is of fundamental importance to find an optimal operating condition in electro-dialysis. 
Hence, a series of experiments were carried out by Sano et al, (2018) to examine the 
performance of porous spacers proposed for increasing the limiting current density. Results 
show that electrical resistance does not increase even when inserting the present porous 
spacer. The present porous spacers can suppress the concentration polarization concerned 
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with electrical resistance. A novel electro-dialysis based technique was developed and used 
to treat a silty clay soil polluted by lead (Mohamed, 2002). The experimental results 
demonstrated that the technique that was developed was very effective in the removal of 
lead from tested solid. A total of about 80 and 92% of lead was removed for tap water at 
pH 4 (reagent 1) and sodium acetate at pH 5 (reagent 2), respectively. The high removal 
efficiency was attributed to the separation of electrode reactions from the soil and inclusion 
of ion selective membrane (ISM), which restricts the movement of counter charged 
species. In spite of these advantages fouling of anion exchange membranes (AEMs) is the 
major obstacle in the ED. Therefore, the research study seeks to clouse this gap by making 
use of adsorption desalination technique. 
 
2.2.2.2 Reverse Osmosis (RO) 
The reverse osmosis method involves the use of high-pressure pumps in the order of 800 
psi –1200 psi (5.51MPa – 8.27MPa), it also transfer water from diluted media to 
concentrated media. This method (RO) can remove ions to 95% and microorganisms to 
99% (Zenouz, 2009). The reverse osmosis systems consist of four major 
components/processes: pre-treatment, pressurization, membrane separation and post-
treatment. Pre-treatment can include chlorination, clarification, coagulation, acidification, 
and degasification. Pre-treatment is applied to feed water to minimize algae growth, 
scaling, and corrosion of the plant generally. The chemical agents used in the process are 
important and should be monitored since some remain in the concentrate before disposal 
(Tularam et al, 2007). Membrane scaling caused by the precipitation of salts is a common 
problem in the RO process, but it is less than in MSF. Membranes are liable to be fouled 
(plugged) by large particles, but this can be avoided by pre-filtering the feed water through 
a 5–10 mm cartridge micro-filter (Shatat et al, 2012). Biological fouling can be caused by 
the formation of microorganism colonies and by entrapping dead and live organisms. 
Material corrosion problems are significantly less compared with MSF and MED processes 
due to the ambient temperature conditions (Shatat et al, 2012). Adsorbent materials to be 
used in this study offeres zero corrosion problems.  
Membrane performance can be improved by pH > 7 and at low chlorine concentrations by 
the increase of rejection as well as permeability (Verbeke et al, 2017). The most reliable 
technique for brackish water and seawater desalination is currently the RO technique. 
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However, it has a power consumption that is higher than all other techniques. Therefore, 
Shaaban & Yahya, (2017) investigated the performance of reverse osmosis plants in hot 
climate conditions. The results showed that the permeate flux of the tap and brackish water 
membrane elements is more sensitive to the feed pressure. However, the feed temperature 
affects the permeate flux of the tap and brackish water membrane elements more than the 
feed concentration. The performance of adsorption desalination technique to be 
investigated in this study is not limited to the climate change. The adsorbent materials are 
cost effective unlike RO technique which is expensive. 
2.2.2.3 Forward Osmosis (FO) 
In forward osmosis (FO), a semi permeable membrane is placed between two solutions of 
different concentrations: a concentrated draw solution and a more dilute feed solution, by 
using the osmotic pressure difference to drive the permeation of water across the 
membrane. FO pre-treatment can improve the performance of conventional desalination 
processes such as conventional desalination technologies include both membrane based 
separation processes, such as RO, nanofiltration (NF), electro dialysis, and thermal 
desalination technologies like MED, MSF, and MVC. It has low fouling propensity and 
higher fouling reversibility compared to RO Research into FO membrane fabrication has 
yielded commercially available, high water flux FO membranes with low structural 
parameters (Shaffer et al, 2015). Table 2.1 shows the energy consumption (in kJ/kg fresh 
water) and desalination cost (in $/m3 fresh water), for different desalination technologies. 
As shown in Table 2.1, the average consumption of the CDI, FO and gas hydrate (GH) 
process are 2.5, 1.2 and 27 kWh/m3 which correspond to averages costs of 0.1, 0.6 and 3.5 
$/m3, respectively. There is a significant reduction in the total desalination cost in the case 
of CDI and FO processes. These values were calculated from small pilot plants. 
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Table 2.1: Comparison of energy consumption and desalination costs for different 
desalination processes (Al-Rawajfeh et al, 2008). 
Methods  Energy consumption  
[kW/m3 freshwater] 
Desalination cost [$/m3 
freshwater] 
   
MSF 26.4-80 0.7-5.4 
MED 26.4-76.4 0.3-1.5 
RO (Sea water) 2.4-8.3 0.4-0.6 
RO (Brackish water) <2.0-3.0 0.6 
ED (brackish water) 0.1-1.1 0.1 
CDI 2.0-3.0 0.1 
FO 0.8-1.6 0.4-0.7 
GH 6.2-47.9 2.8-4.2 
 
The high flux rate is needed if the FO process is to compete with other established 
membrane process in desalination and water treatment. Currently FO outperforms other 
membrane based water treatment systems when it comes to treating problematic feed 
waters (Johnson e al, 2017). Qasim et al, (2017) investigated the feasibility of ferric sulfate 
as draw solute in FO desalination. The proposed draw solute is highly water-soluble, 
exhibits high osmotic pressure and is available in nature as a mineral deposit. When 
280 000 ppm of ferric sulfate draw solution was used, the experimental water flux was 
found to be 3.75 and 1.61 L/m2 h in case of brackish water and seawater, respectively. The 
diluted draw solution can be easily separated from high-purity product water and 
regenerated using simple chemical reactions. Despite its inherent advantages, commercial 
deployement of FO has not been possible due to major limitation such as unavailability of 
suitable FO membrane. Hence, this research study aims in clousing the gap by introducing 
adsorbent materials that are easily accecible. 
2.2.2.4 Membrane Distillation (MD) 
Membrane distillation (MD) is a separation technology that is temperature driven, this 
technology can help reduce the water-energy stress that our society is facing and can 
compete with other purification technique. MD is used to separate none-volatile 
components from an aqueous solution. It is more useful in the production of potable water 
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from seawater. Bindels & Nelemans (2018) have developed a theoretical model for spiral 
wound air gap membrane distillation (AGMD), and the validation against experimental 
data shows a good correlation with the test results. The results showed that the multistage 
process showed 2.4% less time and 3.3% less thermal energy consumption than the steady 
state process. Hence, the semi batch process showed to be more efficient than the 
multistage process and the multistage process is more efficient than the steady state 
process. Adsorption desalination technique to be investigated in this study offers better 
energy efficiency as it requires less energy consumption. 
 There is a consensus that in order to achieve sustainable desalination, MD has to be 
energised by renewable energies or waste water, therefore solar energy has been widely 
used to drive MD (González et al, 2017). MD has been expanded from initially seawater 
desalination to many other applications such as wastewater treatment and recovery of 
valuable compounds (Wang & Chung, 2015). 
2.2.2.5 Capacitive Deionization (CDI) 
Most of conventional desalination methods remove ions from the water in a nonselective 
way. It means that important nutrients such as magnesium and calcium ions are removed as 
well by conventional water desalination techniques such as RO and distillation. Pore size 
of activated carbon electrodes for CDI processes were controlled so it enables the smooth 
entry of Na+ ions (0.35nm) but prevents the entry of Mg2+and Ca2+ions (0.7nm). The 
schematic diagram of CDI is shown in figure 2.3. Carbon chemical vapor deposition 
(CVD) has been used on the surface of activated carbon fibers for precise control of shape 
of the pores, so magnesium and calcium ions cannot be electro-adsorbed, only sodium ions 
can be readily electro- adsorbed (Cohen et al, 2013). The capacitive deionization (CDI) has 
always existed as a less energy intensive technology, but never made it to industrial 
deployment due to deficiencies in cost and salinity limits. Capacitive deionization (CDI) is 
an electrochemically controlled method that is used in removing salt from aqueous 
solutions by taking advantage of the excess ions that have been adsorbed in the electrical 
double layer region at an electrode-solution interface. It takes place when the electrode is 
electrically charged by an external power supply. When the electrode has a high specific 
surface area, the excess may become significant in terms of mass of salt in grams adsorbed 
on a unit weight of electrode material. Researchers have widely explored the study of CDI 
(Lee et al, 2006; Kim et al, 2010; Jeon et al, 2013). CDI could be potentially attractive for 
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water treatment due to the following reasons; unlike membrane–based treatment. Its 
equipment such as housing, pipes, and pumps are less costly. CDI requires low voltages 
that normally do not exceed several volts. Therefore, safety issues are negligible. It is 
suitable for operation in remote areas since it can be operated on solar energy. 
 
 
Fig. 2.3: Schematic diagram of CDI set up (El-Deen et al, 2016). 
 
Zhang et al, (2013) investigated the study of the long-term operation of capacitive 
deionization in inland brackish water desalination. The CDI unit tested in this study 
demonstrated its capability to treat inland brackish water over a long term. Mossad et al, 
(2013) studied the use of capacitive deionization for inland brackish groundwater 
desalination in a remote location. Results showed that increasing feed flow rate tended to 
decrease the overall TDS removal efficiency. The higher flow rate tended to be favorable 
for energy efficiency. Meaning, both TDS removal and energy efficiency need to be 
considered when choosing the optimum operational flow rate.  
2.3 ADSORPTION PROCESS 
Adsorption is a spontaneous process that involves forces of attraction that exist between 
adsorbent and adsorbate. Adsorption is divided into four types based on surface 
interaction: ion exchange, physisorption, chemisorption, and specific adsorption. Ion 
exchange involves the attachment of ionic species to the opposite charge at the surface of 
adsorbent (Weber, 1985). Physisorption occurs when there is involvement of van der 
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Waals forces; it can be either monolayer or multilayer adsorption. It has no dissociation of 
adsorbed species (Helfferich, 1985). Chemisorption involves the bonding between 
adsorbent and adsorbate that results in change in the chemical form or adsorbate. 
Chemisorption has high enthalpy of (80-800 kJ/mol) that its caused by its strong 
interaction, this sorption occurs at monolayer only, and involves dissociation of adsorbed 
species. Specific adsorption results from specific interaction between adsorbate molecules. 
It has binding energy value in between those of physisorption and chemisorption (Weber, 
1985). Manirethan et al, (2018) sheds the light on the promising melanin pigment extracted 
from gram-negative bacteria pseudomonas stutzeri for adsorption of heavy metals from 
aqueous solutions. The study revealed that melanin is an excellent adsorbent, which could 
remove heavy metals within a short time span of 3h. 
2.4 ADSORPTION DESALINATION 
Adsorption desalination (AD) is a promising method to relieve the shortage of fresh water 
in coastal regions while solar heating offers economic and environmental–friendly way to 
supply the heat. Du et al, (2017) studied the area of optimisation of solar collectors for 
adsorption desalination. It was concluded that utilising solar heating to supply heat for AD 
is feasible and economical. A typical AD cycle can be summarised as follows: sea water 
goes from the feed tank into the evaporator and evaporates as heated by the condenser; 
vapour is continuously adsorbed by the adsorbent until saturated, during which the time 
cooling water cycles through SE to remove heat of adsorption; the SE is switched to the 
desorption mode; regenerated vapour condenses in the condenser and flows into the 
collection tank (Du et al, 2017). The advantages of the adsorption desalination method 
include the following (Sadri et al, 2018); using the heat of low thermal value, low 
maintenance cost, low fouling and corrosion, ability to simultaneously produce fresh water 
and cooling effect, and providing a non–contaminated product. 
2.4.1 Batch mode operation 
Gendel et al (2014) investigated the batch mode and continuous desalination of water using 
flowing carbon deionization (FCDI) technology. Figure 2.4 shows the structure of batch 
mode operated FCDI system with 1 g/L of initial concentration of NaCl in feed water. The 
solution of NaCl was recirculated between the FCDI cell and third stirred vessels with a 
constant flowrate of 9 ml/min. The electrical conductivity was monitored throughout the 
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experiment using a 720 pH/ conductivity meter. Results showed that for multiple 
successive adsorption /desorption cycles the final electrical conductivities of < 5 µs/ cm 
(salt removal of > 99%) were obtained. Adsorption capacity of 260 mg/g was observed in 
batch mode experiment. 
 
 
Fig. 2.4: Shows the structure of batch FCDI modules applied for desalination of water 
(Gendel et al 2014). 
2.4.2 Column study 
Taseidifar et al, (2018) reported the study of the bubble column evaporator method for 
improved thermal desalination.  The heated gas which is Ar, CO2 and He at 150 were 
introduced into the column for 30 min and the total loss of the solution was measured using 
a weighing balance (Fig. 2.5). The actual gas flow rate used to calculate the expected water 
vapor carry over was obtained using the ideal gas equation for the condition within the 
bubble column for each minute of the 30 minutes runs. The results shows that this method 
has the potential to use significantly lower amounts of energy than the conventional means 
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of sterilizing aqueous solutions such as to boiling from 5 to 30 minutes. This method can 
be used as an effective and energy efficient method of sterilizing contaminated water. 
There is a gap in the literature for studying the fixed bed column on the treatment of saline 
water using nanocomposite material. 
 
 
Fig. 2.5: Bubble column evaporator setup Taseidifar et al, (2018). 
 
2.4.3 Adsorbent used for Adsorption Desalination 
 
In order to overcome the fresh water scarcity, nanotechnology lead to novel and 
innovative medium for water desalination processes. New generation nanomaterials such 
as CNTs, graphene, zeolites have been used to improve desalination processes (Teow & 
Mohammad, 2017). Bhadra et al, (2013) studied the enhanced desalination using 
carboxylated carbon nanotube immobilized membrane. Carboxylated CNTs were 
incorporated into carbon nanotube immobilized membrane (CNIM) to enhance pure water 
flux in membrane distillation. Higher performance was achieved when carboxylated CNT 
was used than their unfunctionalized analogs, with salt reduction higher than 99% in all 
cases. Daer et al, (2015) reviewed the recent application of nanomaterials in water 
desalination. The results showed that a graphene membrane can achieve ultra-efficient 
 23 
water transport phenomenon compared to CNT membranes at pore diameters that are 
larger than 0.8 nm. The modified natural zeolite from Sukabumi, West Java, Indonesia as 
sorbent material for reducing salinity of seawater was also investigated. It was found that 
natural zeolite from Buah Batu possess high potential as cost-effective sorbent material for 
seawater desalination (Wibowo et al, 2017). Table 2.2 shows the summary of heavy metal 
removal from water, wastewater and seawater processes. The highest percentage removal 
of 99.9, 100, 100 and 96.4, respectively was obtained on the removal of Pb, Cu, Cr, and Cd 
in wastewater by Bambo activated carbon. 
 
Table 2.2: Summary of heavy metal removal using different adsorbents. 
Analytes Matrix Adsorbent Performance 
(%) 
Ref 
Pb, Cu, Cd Wastewater Tea saponin 89.95, 81.13, 
71.17 
Yuan et al. 
2008 
Cd, Pb, Zn, Ni, 
Cu, Cr 
Water/ 
Wastewater 
Limestone > 90 Aziz et al. 
2008 
Cu, Hg, Pb, Cd, 
& Ni 
Wastewater Carbon 73, 100, 100, 
100, 92 
Kadirvelu et 
al, 2001 
Pb, Cu, Cr, Cd Wastewater Bambo activated 
carbon 
99.9, 100, 100, 
96.4 
Lo et al, 2012 
K, Na, Mg, Ca,  
B, Cl, SO4 
Seawater Gas hydrate  71 – 94 Kang et al, 
2014 
 
2.5 NANOMATERIAL ADSORBETS 
Nanometal oxides (NMO) are widely explored as efficient adsorbents for heavy metal 
removal from water/wastewater. The single metal oxide and nanocomposites material were 
described in details. 
2.5.1 Single metal oxide 
Hua et al, (2012) reviewed the study of heavy metal removal from water /wastewater by 
nanosised metal oxides. The following nanometal oxide, ferric oxides, manganese oxide, 
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aluminium oxide, titanium oxides, magnesium oxides and cerenium oxide provide high 
surface area and specific affinity for heavy metal adsorption from aqueous solution. Iron 
oxide (Fe2O3) and manganese oxide (MnO2) have been used as a single metal oxide in the 
removal of heavy metal ions from aqueous solution (Wanga & Juang et al 2003; Han et al, 
2006). Shivakumara et al, (2014) investigated the preparation and electrochemical 
performance of porous hermatite (α-Fe2O3) nanostructures as supercapacitor electrode 
material. The porous α-Fe2O3 nano structures were prepared and its effect of preparation 
temperature on morphology, electrochemical and structural properties and its stability was 
studied for super capacitor application. It was found that the material exhibits better 
capacitance performance at a temperature of the 300 °C than those prepared at higher 
temperature. The iron oxide material has been investigated for different application such as 
lithium batteries, sensors, catalyst and biomedical (Reddy et al, 2007; Hermanek et al, 
2007; Wang et al, 2008 & Laurent et al, 2008). The NMO tend to aggregate into large size 
particles and their capacity loss seems inevitable. This challenging task of efficiently and 
costly to separate the exhausted NMOs from water/wastewater remains unsolved (Hua et 
al, 2012). Therefore polymer materials have been used as a coating material to solve this 
problem. 
2.5.2 Nanocomposites 
Organic-inorganic polymer hybrids have raised a scientific and industrial interest because 
of their unique properties such as high transparency and also excellent solvent–resistance. 
(Ogoshi et al, 2005). Transparency has been one of the most important properties of the 
polymer hybrid materials because of its miscibility between organic-inorganic components. 
Three types of nanocomposite structures formed using clay when combined with polymer 
polyethylene (PET) are shown in figure 2.6. If the polymer chains penetrate the space 
between the clay layers but do not separate them thoroughly as registry between them is 
maintained, the nanocomposite is described and intercalated, while if the clays layers are 
thoroughly detached by polymer chains with original registry lost, the nanocomposite is 
called exfoliated (Lee et al, 2010; Izzati et al, 2014). 
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Fig. 2.6: Three types of nanocomposite structures: (a) tactoid, (b) intercalation, and (c) 
exfoliation structure (Izzati et al, 2014). 
 
There are two route for synthesizes of polymer supported nanoparticles which are the 
ex-situ and in-situ processes. The ex-situ is obtained when inorganic nanoparticle is first 
synthesized separately and then dispersed in a polymer solution or three-dimensional 
matrix. This method does not set limitation on the nature of the nanoparticles and the host 
polymer to be used. However, its biggest challenge is blending polymers and nanoparticles 
to achieve homogeneous and well-dispersed material in polymer. In order to address this 
challenge, in-situ processes of synthesis have been utilized. In in-situ method, the 
preformed polymer phase acts as a micro-reactor and metal and metal oxide are generated 
inside the polymer phase (Fig 2.7). 
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Fig. 2.7: Schematic of in situ synthesis of metal sulphide nanoparticles in a polymer matrix 
(Lu, 2012).  
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CHAPTER 3: 
SIMULTANEOUS REMOVAL OF Na, Ca, K AND Mg FROM SYNTHETIC 
BRINE AND SEAWATER USING Fe2O3-SiO2 MIXED OXIDE 
NANOSTRUCTURES: KINETICS AND ISOTHERMS STUDIES 
ABSTRACT 
In the study, Fe2O3-SiO2 nanocomposite (prepared using sol gel method), was used as an 
adsorbent for the removal of Na, K, Ca and Mg ions from synthetic brine solutions. The 
structural and surface characteristics of the nanoadsorbent were investigated by N2 
adsorption–desorption, transmission electron microscopy, scanning electron microscopy 
coupled with energy dispersive x-ray) spectroscopy and powder X-ray diffraction 
spectroscopy. The batch adsorption technique was used for removal of major cations from 
the synthetic samples. Experimental parameters (such as pH, initial concentration, 
adsorbent mass and contact time) affecting the removal of Na, K, Ca and Mg were 
optimized using response surface methodology (RSM). Equilibrium isotherms for the 
simultaneous adsorption of Na, K, Ca and Mg onto Fe2O3-SiO2 nanocomposite were 
analyzed by the Freundlich, Langmuir, Dubinin–Radushkevich (D–R), and Temkin 
isotherm models. Adsorption isotherm studies indicates that the simultaneous adsorption of 
Na, K, Ca and Mg ions onto Fe2O3-SiO2 nanocomposite followed models in the order 
Langmuir > Temkin≈ Dubinin–Radushkevich (D–R) > Freundlich model. The kinetic 
study of adsorption shows that the batch adsorption system followed pseudo second order 
kinetic model. The isotherm and kinetic studies confirmed that the adsorption of major 
cations was based on physical adsorption mechanism.  
Keywords: Fe2O3-SiO2 nanocomposite; isotherms; adsorption kinetic, adsorption 
desalination. 
3.1. INTRODUCTION 
Concentrated brine is generated in desalination plants in high level and they cause 
environmental problem when poorly disposed (Younos et al, 2005 &Sánchez et al, 2015). 
The World Health Organization (WHO) guideline for permissible limit of salinity in 
drinking water is 500 mg L-1 and in some special cases, it goes up to 1000 mg L-1. The 
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brine produced often has a total dissolved solids (TDS) concentration of between 20 000 
mg L-1 and 35 000 mg L-1 (Dama-Fakir et al, 2009). Several technologies and potential 
technologies for desalination have been studied (Naimi et al, 2010; Wu et al, 2014; Ho et 
al, 2015; Thu et al, 2016). Distillation and membrane are the major desalination processes. 
While minor processes such as direct solar desalination are suitable for remote areas with 
low income (Rayan & Djebedjin, 2014). Distillation systems are more energy intensive (up 
to four times more) than reverse osmosis systems, but require less pre-treatment of the 
water and are therefore generally considered to be more robust. However, in countries such 
as South African, thermal desalination processes might not be considered for desalination 
of brackish or seawater, unless sufficient waste heat or low cost fuels are available (Swartz 
et al, 2006). The current methods that have been developed from traditional methods 
include the desalination of water by surfactant (Zenouz, 2009), capacitive deionization 
(CDI) (Cohenn et al, 2013), microbial desalination (Cao et al, 2009) and forward osmosis 
(Li & Zou, 2011). Most of these desalination methods remove ions from the water non-
selectively because they also include the removal of important nutrients. Ziolkowska 
(2015) reported that desalination costs are increasing for all desalination technologies and 
difficult to project the future developments of desalination due to market fluctuation 
(Ziolkowska et al, 2015). For this reason, adsorption desalination (AD) has been developed 
as one of the possible alternatives to the conventional desalination systems (Alsaman et al, 
2016). 
Adsorption processes have been widely used for heating, cooling, sea or brackish 
desalination and wastewater treatment (Ghaffour et al, 2013; Ng et al, 2013; Awual, 2016). 
Operation of adsorption desalination (AD) cycle is batch–operated. The performance of 
AD cycle depends on how the adsorbents behave in equilibrium adsorption isotherms and 
kinetics. As a result, large adsorbents with surface area and large pore network for 
molecule transport are needed. Desalination studies have been done on materials such as 
graphene sheet (You et al, 2016) and zeolite (Jeong et al, 2016), among others. In order to 
improve removal efficiencies and adsorption capacities, chemical modifications of low-
cost adsorbents have to be investigated. Magnetic iron oxide nanoparticles have been 
identified as a suitable material due to their chemical stability in aqueous environment and 
low cost (Le Formal et al, 2010). For this reason, magnetic iron oxide nanoparticles have 
been widely used in water treatments due to their potential adsorbents for removal of 
metallic ions and possible surface modification to improve their efficiency. In addition, 
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their magnetic properties allow the separation of the adsorbent from solution by applying 
an external magnetic field (Ghasemi et al, 2017). However, the drawbacks of using pure 
iron oxide nanoparticles include rapid oxidation and aggregation in solution. As a result, 
these limitations reduce the adsorption capacity of the magnetic nanoparticle (Bao et al, 
2017). To overcome these challenges silica nanoparticles have been incorporated on the 
magnetic cores to enhance their chemical stability and surface area (Bao et al, 2017). 
The optimization of parameters affecting the removal of major elements in a batch 
adsorption methodology has been performed using univariate technique (means, 
monitoring one factor at time (OFAT)). However, the disadvantage of the OFAT is that the 
interaction effects among the parameters are not considered. In addition, the consumption 
of reagent and materials increases and it is time consuming (Bezerra et al, 2008). This can 
be solved by applying multivariate tools such as response surface methodology (RSM). 
This is because RSM is able to provide optimal conditions for desired responses and allows 
the evaluation of interaction of factors that may influence treatment efficiency (Ahmad et 
al, 2007). Application of response surface methodology for the optimization of on batch 
processes have been reported on the literature (Ghorbani et al, 2008; Reddy et al, 2008; 
Chellamboli et al 2014). 
The main aim of this study was to evaluate the possibility of using nanomaterials as an 
adsorbent for the removal of Na, Ca, K and Mg in synthetic brine solutions and real 
seawater. Various parameters affecting sorption process such as pH, adsorbent dose, initial 
concentration and contact time were investigated using RSM. In addition, the kinetic 
models, that is, pseudo-first-order, pseudo-second-order and intra-particle diffusion were 
examined. Finally, various isotherm models such as Freundlich, Langmuir, Dubinin–
Radushkevich, and Temkin were used to identify the best-fit isotherm equation. 
3.2. EXPERIMENTAL 
3.2.1 Material 
Tetraethyl orthosilicate (TEOS), hydrochloric acid (HCl), ammonium hydroxide (NH4OH) 
(25%, w/v) and ferric nitrate (Fe(NO3)39H2O) were purchased from Sigma–Aldrich (St 
Louis, United States). Sodium nitrite (NaNO3), magnesium sulphate (MgSO4) and 
potassium nitrate (KNO3) were obtained fromAssociated Chemical Enterprises ((ACE), 
Johannesburg, South Africa). Calcium sulphate (CaSO4) was obtained from LabChem, 
 36 
Zelienople, Pennsylvania. The required concentration of Na+, K+, Ca2+ and Mg2+ were 
prepared from a 2000 mg L-1 stock solution by making appropriate dilutions using ultra-
pure water. The pH of the solution was adjusted to desired value using dilute solutions of 
HCl or NH3. 
3.2.2 Instrumentation 
An oven (EcoTherm, LaboTec, Midrand, South Africa) was used as drying source for the 
synthesis of the material. The iCAP 6500 Duo inductively coupled plasma atomic emission 
spectroscopy (ICP-OES) (Thermo Scientific, UK) was used for quantification of major 
elements. The ICP-OES parameters during analysis were as follows: RF generator 
power/W: 1150, Frequency of RF generator/MHz: 40, Coolant gas flow rate/ Lmin−1: 12, 
Carrier gas flow rate L min−1: 0.7, Auxiliary gas/ Lmin−1: 1, Pump rate/rpm: 50, Viewing 
configuration/Touch mode: radial at a replicate: 3 and flush time/s: 30.  
The phase formation and crystallographic state of all the samples were studied by X-ray 
diffraction (XRD) analysis using Panalytical X'Pert X-ray Diffractometer, and Cu Kα 
radiation spectrometer and the scanning area covered the range 2< theta at start position 
4.00-80.00 and a scan step time of 196.2 s. The morphology of the adsorbent material was 
studied by scanning electron microscopy (HITACHI COM-S-4200). The Si/Fe ratio was 
also determined by energy dispersive x-ray (EDX) spectroscopy which is connected to 
SEM. FTIR spectra were recorded on a Perkin Elmer (BX 12) spectrophotometer using 
KBr pellets. Nitrogen adsorption–desorption isotherms were obtained at 77 K using BET 
micromeritics ASAP 2020. The BET equation was used to obtain the specific surface area 
and pore size distribution. 
3.2.3 Synthesis of Fe2O3-SiO2 by sol gel method 
The synthesis of Fe2O3-SiO2 was adopted from the literature with some modifications 
(Panda et al, 2011). For the synthesis of Fe2O3–SiO2 nanocomposite, 60 mL of deionized 
water was mixed with 76 mL of absolute ethanol and stirred for 15 min. Then 4.7 g of 
TEOS (98 %) was added to the resulting solution and vigorously stirred for 30 min. Then 
0.92 g of Fe(NO3)3·9H2O (Si/Fe = 50, respectively) was added at once and stirred for 30 
min during which color of the solution changes to light yellow. For gel formation, 23 mL 
of 30 % ammonium hydroxide was added and the gel formed was stirred for another 30 
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min and aged for 24 h at room temperature. The material was then dried for a day in an 
oven at 60°C for 24 h and calcined at 550°C for 4 h in a furnace. 
3.2.4 Isotherm studies 
Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and Temkin model were used in this 
study to establish the relationship between the amount of adsorbed Na, K, Ca and Mg onto 
Fe2O3-SiO2 and its equilibrium concentration. Langmuir isotherm is used to describe a 
homogeneous monolayer chemical adsorption process (Langmuir, 1918). Langmuir 
isotherm can be arranged in its linear form as the following: 
maxmax
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Where Ce is the equilibrium concentration of the studied metal (mg L−1) and qe is the 
amount of the metal adsorbed per gram of adsorbent (mg g−1). The qmax and KL are 
Langmuir constant relating the adsorption capacity (mg g−1) and energy of adsorption (L 
g−1) (Langmuir, 1918). These constants can be calculated from the slopes of linear plots 
Ce/qe verses Ce, respectively. The important characteristic of Langmuir isotherm can be 
expressed in terms of dimensionless constant factor RL. The equation of RL is written as 
follows: 
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Where Co (mg L
−1) is initial concentration of adsorbate and b (L mg−1) is Langmuir 
constant. The four possibilities for adsorption are as follows (i) favorable adsorption if 0< 
RL<1, (ii) unfavorable adsorption when RL>1, (iii) linear adsorption for RL=1, and also 
(iv) irreversible adsorption for RL =0 (Freundlich, 1906; Bhattacharyya & Sarma, 2003; 
Nomngongo et al, 2014).  
The Freundlich isotherm can be used for non-ideal sorption that involves heterogeneous 
surface energy system and multilayer sorption (Freundlich, 1906). The linear equation for 
Freundlich is as follows: 
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Where KF is the Freundlich constant which relates to adsorption capacity and n is the 
Freundlich exponent, determined from the intercept and slope of linear plot of ln qe versus 
ln Ce. In order to determine the type of sorption whether chemical or physical, equilibrium 
data were also applied to the Dubinin-Radushkevich (D–R) model (Zheng et al, 2009 & 
Zenasni et al, 2012). The linear form of D-R isotherm is presented as the following 
equation: 
2lnln  DRe qq          (3.4) 
where qe is the amount of metal ions adsorbed onto per unit dosage of Fe2O3-SiO2 (mol/g), 
qDR is the theoretical monolayer sorption capacity (mol g
−1), β is the constant of the 
sorption energy (mol2 J−2) and ε is the Polanyi potential ( 


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RT
1
1ln ), where R is 
the gas constant (8.314 J mol−1 K−1) and T is the temperature (K).  
The E value ranges from 1-8 kJ/mol for physical sorption and from 8-16 kJ/mol for 
chemical sorption (Zheng et al, 2008). The mean free energy of adsorption (E, J mol−1) 
estimates the type of sorption process and is calculated using equation (3.5): 
2
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E           (3.5) 
Temkin isotherm considered the effects of some indirect adsorbate/adsorbate interaction on 
adsorption isotherms it also suggests that the heat of adsorption of all the molecules in the 
layer would decrease linearly with coverage because of the interactions (Temkin & 
Pyzhev, 1940).  
Temkin isotherm can be linearized as follows: 
eTe CBKBq lnln 11          (3.6) 
Where B = RT/b, b is the Temkin constant related to heat of sorption (J/mol), A is the 
Temkin isotherm constant (L/g), R is the gas constant (8.314 J/mol K), and T is the 
absolute temperature (K).  
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3.2.5 Adsorption studies 
Equilibrium adsorption Studies of removal of Na, K, Ca and Mg metals on saline water 
were conducted on a batch experiment from water samples of initial concentrations of 25-
1000 mg L−1. In these experiments, 20 mL of Na+, K+, Ca2+ and Mg2+ solution contained in 
100 mL plastic bottles were contacted with 0.1-1.0 g of Fe2O3–SiO2. The adsorption 
capacity (Qe, mg /g) was calculated using equation 3.7. 
 
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Where Co (mg/L) is the initial concentration of cations in saline water solution and Ce (mg 
L−1) is equilibrium concentration of metal ions in water after treatment. V is the volume of 
the solution (L), m is the mass of the adsorbent used (g) and qe (mg g
−1) is the amount of 
Na+, K+, Ca2+ and Mg2+ adsorbed at equilibrium. 
3.2.6 Adsorption Kinetics 
The pseudo-first order, pseudo-second order and the intra-particle diffusion models were 
applied to the experimental data to examine adsorption process. The equation for pseudo-
first order can be written as follows:  
tkqqq ete 1ln)ln(          (3.8) 
Where qt is the amount of adsorbate, adsorbed (mg/g) at time t, k1 is the rate constant (min
-
1) The first order rate constant can be calculated from the intercept and slope of the plot 
(Lagergren, 1898). Pseudo second order equation is as follows: 
t
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Where the equilibrium sorption capacity (qe) and the second-order constant k2 (g/mg min) 
(Table 3.4) can be determined experimentally from the slope and intercept of plot of t/qt 
versus t). In addition, the initial sorption rate (h) and the half adsorption times were 
calculated from the equations (3.10 and 3.11). 
2
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In intraparticle diffusion model adsorbate species are most probably transported from the 
bulk of the solution into the solid phase through intraparticle diffusion, whereby is 
evaluated by the relationship between the time–dependent and adsorption capacity (qt) and 
t1/2. The intra particle diffusion equation is as follows: 
ctkq dt 
2
1
         (3.12) 
Where kd is the intraparticle diffusion rate constant (mg/gmin
1/2) and c is the intercept. 
3.2.7 Analysis of real seawater samples 
Natural seawater samples collected from Durban, South Africa, were used to evaluate the 
applicability of the optimized desalination method. Seawater samples were collected in 
polyethylene bottles and pH and conductivity were measured. Batch adsorption 
experiments of raw seawater samples without any previous treatments were performed 
optimum conditions. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Characterization of SiO2, Fe2O3, and Fe2O3-SiO2 composite 
The morphologies of SiO2, Fe2O3, and Fe2O3-SiO2 composite were studied by SEM/EDS 
an the micrographs obtained for these materials are shown in Fig. 3.1 (a-c). As observed by 
SEM, Fig. 3.1.a shows silica particles with irregular shapes (Panda et al, 2011). Fig.3.1 (b) 
shows details of the prepared iron oxide nanoparticles. The Fe2O3-SiO2 composite (Fig. 
3.1(c)) showing porous mophological structure which suggest the nanocomposite could be 
a good adsorbent.  
 41 
 
Fig. 3.1: SEM images of (a) SiO2 (b) Fe2O3 (c) Fe2O3-SiO2 composite. 
Fig. 3.2 shows SEM-EDS of prepared SiO2, Fe2O3, and Fe2O3-SiO2 composite. The 
prepared SiO2  material (Fig. 3.2 a) shows the weight percentage of 78.5% Si and 21.5% 
O. Fig. 3.2 (b) shows that the Fe2O3 material was composed of O, Fe and C respectively, 
with the weight percentage given as 36.7%, 34.5% and 28.8%, respectively. The EDS 
peaks on Fe2O3-SiO2 composite demonstrate confirmed the presence of Fe, Si, O and C, 
and the carbon peak that can be observed from EDS spectrum (Fig.3.2a-b) originated from 
the carbon coating. 
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Fig. 3.2: SEM-EDS images of (a) SiO2 (b) Fe2O3 (c) Fe2O3-SiO2. 
The X-ray diffraction pattern of SiO2, Fe2O3 and synthesized Fe2O3-SiO2 nanocomposites 
are shown in Fig. 3.3. Fig. 3.3a shows the amorphous state of SiO2 with a broad peak at 2 
theta angles 15.00 º and 40.00º. Fig. 3.3b shows crystalline peaks for Fe2O3 appeared at 2 
theta angles of 43.4°, 49.22°, 53.5°, 57.40° and 74.6°. The composite material Fe2O3-SiO2 
at Fig. 3c had crystalline structure at 2 theta values 35.3º, 44.73º, 56.1º and 63.8º 
corresponding to Fe2O3. The broad peak at 2-theta 15.0º and 30.0º (Fig. 3.3c) indicates the 
presence of SiO2. This XRD spectra is in agreement with the one obtained by Panda et al, 
(2011).  
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Fig. 3.3: (a) XRD patterns of SiO2, (b) Fe2O3 and (c) Fe2O3-SiO2. 
 
Fig. 3.4 shows the TEM images of Fe2O3 and synthesized Fe2O3-SiO2 composite. The 
iron oxide image (Fig. 3.4a) has been dominated by spherical shapes with very few cubic 
and hexagonal shapes, whereas Fe2O3-SiO2 composites (Fig. 3.4b) only show appearance 
of structures like hexagonal in shape. 
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Fig. 3.4: (a) TEM images of (a) Fe2O3  (b) Fe2O3-SiO2. 
3.3.2 BET Surface area of SiO2, Fe2O3 and Fe2O3-SiO2 
The surface area of SiO2, Fe2O3 and Fe2O3-SiO2 were found to be 265, 6.79 and 253m
2
/g, 
respectively. The reduced surface area of the composite material from 295 to 253 m
2
 g−1 
might be due to the introduction of iron oxide. 
3.3.3 Optimization using response surface methodology on removal of Na, K, Ca and 
Mg ions onto Fe2O3-SiO2 nanocomposite 
The experimental parameters (sample pH, contact time, initial concentration and adsorbent 
mass) affecting the simultaneous removal of metal ions was optimized usingmultivariate 
statistical technique. The central composite design (CCD) matrix and analytical results for 
each run that were performed as per the experimental design are tabulated in Table 3.1. To 
assess the significance of the main effects and their interactions, the experimental results 
were statistically analysed by means of analysis of variance (ANOVA) that is presented in 
a form of Pareto chart (Fig.3.5). 
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Table 3.1: Central composite design matrix and analytical response.  
 
Runs pH MA IC CT Adsorption equilibrium (Qe) 
          Ca K Mg Na 
1 9 1 1000 5.0 17.8 33.3 10.4 16.5 
2 9 1 25 5.0 0.42 0.76 0.25 0.36 
3 9 0.1 1000 30.0 183 319 104 155 
4 2 1 25 30.0 0.42 0.64 0.23 0.28 
5 9 0.1 25 30.0 4.23 9.05 2.48 3.63 
6 2 0.1 1000 5.0 193 339 116 161 
7 2 1 1000 30.0 19.4 34.2 11.7 16.3 
8 2 0.1 25 5.0 4.19 6.15 2.26 3.23 
9 2  0.55 512 17.5 18.0 27.0 10.0 12.9 
10 9 0.55 512 17.5 18.8 33.3 10.6 15.7 
11 5.5 0.1 512 17.5 101 151 52.1 72.5 
12 5.5 1  512 17.5 10.1 15.4 5.24 7.27 
13 5.5 0.55 25 17.5 0.58 0.86 0.49 0.54 
14 5.5 0.55 1000 17.5 35.9 64.1 20.6 29.7 
15 5.5 0.55 512 5.0 18.5 27.54 9.57 13.2 
16 5.5 0.55 512 30.0 18.5 27.11 9.51 12.9 
17 5.5 0.55 512 17.5 18.6 27.56 9.61 13.1 
18 5.5 0.55  512 17.5 18.5 27.19 9.56 12.9 
Footnote: MA= Adsorbent mass, IC=Initial concentration, CT=Contact time,  
 
The initial concentration (IC) and the interaction between adsorbent mass and initial 
concentration (2Lby 3L) were found to be significant at 95 % confidence level. These 
results implied that IC and 2Lby 3L were responsible in quantitative removal of metals 
Na+, K+, Ca2+ and Mg2+ in synthetic brine solution. For this reason, the response surface 
model was used to calculate the optimum conditions of pH, adsorbent mass (MA), contact 
time (CT) and initial concentration (IC). 
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Fig. 3.5: Pareto chart of standardized estimated effects caused by the factors investigated. 
 
In order to investigate the interactive effect of two independent factors and their 
interactions on the amount of the major cations adsorbed at equilibrium, the response 
surface plots were constructed using the quadratic models of the RSM. Fig. 3.6 shows the 
3D plot for the combined effect of adsorbent mass with pH of the solution, Initial 
concentration and contact time on adsorption equilibrium. The combined effect of initial 
concentration with adsorbent mass (Fig. 3.6b) shows that maximum adsorption capacity 
was achieved at adsorbent mass of 0.5-1 g and initial concentration of 800-1000 mg L-1. 
Effect of contact time with adsorbent mass on adsorption capacity can be seen on Fig. 6c. 
The graph shows that when adsorbent mass was 0.1 g and contact time of 16-25 min high 
adsorption capacity of 120 mg g-1 and above was obtained. The results obtained in Fig.6 
are in agreement with the results shown in Fig. 3.5 by Pareto chart.  
Pareto Chart of Standardized Effects; Variable: Qe
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Fig. 3.6: Response surface plot showing the combined effect of adsorbent mass with pH 
and initial concentration on adsorption capacity: other factors were fixed at central point. 
 
The optimum values obtained from the following factors that are sample pH, extraction 
time, initial concentration and mass of the adsorbent were obtained by checking the 
maxima formed by the X and Y coordinates (Bao et al, 2017; Langmuir, 2018). The 
optimum conditions for removal of Na, K, Ca and Mg were found to be pH 7.5, 15 min, 
1000 mg L-1 and 1.0 g for sample pH, extraction time, initial concentration and mass of 
adsorbent, respectively. 
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3.3.4 Confirmation experiments 
The confirmatory experiments were performed in order to validate the analytical data given 
by RSM model under optimized conditions. The results obtained from the RSM predicted 
that response for sorption of metal ion Ca, K, Mg and Na ranged from 90-93%. The 
percentage removal efficiency was used to assess the performance of adsorbent on each 
metal ion. The experiments were conducted under the parameters suggested by the model 
(pH 7.5, adsorbent dose 0.1 g, initial concentration 1000 mg L-1 and extraction time 16 
min). Results shows that the synthesized Fe2O3-SiO2 composite remove Ca, K, Mg and Na 
metal ions from saline water at the range of 93-95% which is a close range predicted by the 
RSM model. 
3.3.5 Equilibrium adsorption isotherm studies 
The equilibrium adsorption data was fitted to the isotherm models such as Langmuir, 
Freundlich, Temkin and Dubinin–Radushkevich. Under optimum conditions, the isotherm 
experiments were carried out at, 298 with 25–1000 mg L−1 concentrations. The regression 
correlation coefficient (R2) values were used as a measure of the goodness of fit of 
experimental data on the models and the isotherm parameters are summarised in Tables 3.3 
and 3.4. It should be noted that the R2 values are >0.99, indicated a very good 
mathematical fit. It can be seen from Tables 3 and 4 that the order of fitting of the studied 
isotherms was Langmuir > Temkin≈ Dubinin–Radushkevich (D–R) > Freundlich model 
for all the major cations. The langmuir isotherm model sugests that the uptake occurs on a 
homogenous surface by mono layer sorption and all the sorption sites are energetically 
identical (Langmuir, 1918). The maximum adsorption capacity of the nanoadsorbent 
according to the Langmuir isotherm (qmax) were calculated to be 152, 164, 161 and 181 mg 
g−1 for Ca, K, Mg and Na, respectively.  
The analysis of Langmuir model and affinity between the major cations and the 
adsorbent were further predicted using the Langmuir parameter b from the dimensionless 
constant separation factor RL, which is defined in Section 2.4. The calculated RL values for 
adsorption of Ca, K, Mg and Na onto the surface of the adsorbent were found to be 0.04, 
0.06, 0.08 and 0.08, respectively. These results suggested that the Fe2O3-SiO2 adsorbent is 
highly favourable for adsorption of Na+, K+, Ca2+ and Mg2+ ions from synthetic brine 
solution under the optimum conditions used in this study. 
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Table 3.2: Adsorption isotherms constant values for Freundlich and Langmuir 
Langmuir parameters 
Cations  Qmax ex qmax(mg g
−1) KL (L mg
−1) R2 
Ca 151 152 0.67 0.9999 
K 163 164 0.45 0.9997 
Mg 160. 161 0.47 0.9999 
Na 178 182 0.37 0.9995 
Freundlich parameters 
  KF N R
2 
Ca  1.4 5 0.6887 
K  1.3 3 0.7725 
Mg  1.3 3 0.7054 
Na  1.4 3 0.7523 
 
The D–R isotherm model was used to determine the nature of physical or chemical 
adsorption processes (Zheng et al, 2009 & Zenasni et al, 2012) the nature of adsorption 
mechanism was estimated using the mean free energy of adsorption (E, kJ mol−1) and the 
results are presented in Table 3.4. It can be seen that the adsorption mean free energy for 
the removal of Ca, K, Na and Mg was less than 8 kJ mol−1 (Table 3.3). These results 
indicated that the mechanisms of adsorption of the major cations onto the nanoadsorbents 
were physically sorption. 
In this study, the Temkin adsorption isotherm model was used to evaluate the adsorption 
potentials of Fe2O3-SiO2 adsorbent/metal ion interactions and the parameters are presented 
in Table 3.4. The results obtained from Temkin isotherms generates a satisfactort fit to the 
experimental data, this is indicated by correlation coefficients. Typical bonding energy 
range for ion-exchange mechanism is reported to be in a range of 8–16 kJ mol−1. While 
physisorption processes are reported to have adsorption energies less than −40 kJ mol−1 
(Hu et al, 2011). The values of bT obtained ranged from 19-29.8 kJ mol−1 which indicates 
physisorption processes took place with adsorption energies less than −40 kJ mol−1. 
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Table 3.3: Adsorption isotherms constant values for Dubinin–Radushkevich and Temkin 
model. 
Dubinin–Radushkevich (D–R)  
Cations  qDR(mol g
−1) β ×10-7 
(mol2 J−2) 
E (kJ mol-1) R2 
Ca 142 -2.3 1.47 0.8788 
K 114 -1.5 1.83 0.8959 
Mg 120 -2.0 1.58 0.8942 
Na 137 -3.0 1.29 0.8504 
 Temkin 
Parameters  
   
 KT (L g
-1) B R2  
Ca 21.8 19.0 0.8360  
K 11.0 23.4 0.8977  
Mg 12.0 22.7 0.8871  
Na 8.74 29.8 0.8908  
 
3.3.6 Adsorption Kinetics 
In this study, the kinetics models were used to assess the mechanism of adsorption and its 
potential rate-determining steps, which include mass transport and chemical reaction 
processes (Nomngongo et al, 2014). Moreover, the information obtained on the kinetics of 
major cation uptake will be used to select the conditions that can be used for a full-scale 
adsorption desalination processes. Lagergren pseudo-first-order and pseudo-second order 
kinetic models as well as intraparticle diffusion was used to assess mechanism of 
adsorption and its potential rate-determining steps. 
The results of the pseudo first-order, pseudo-second order and intraparticle diffusion 
calculated using their respective model equations are summarized in Table 3.4. The 
suitability of each kinetic model was judged using the correlation coefficient (R2) and the 
agreement between experimental and calculated qe values (Nomngongo et al, 2014). Based 
on correlation coefficients (R2), the pseudo second order model (R2≥0.99) gives the best 
fitting for sorption of Na, K, Ca and Mg onto Fe2O3-SiO2, compared to the pseudo first 
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oder  model (R2≤0.7). In addition, the the calculated qe values were in good agreement with 
the experimental values. The agreement between the experimental and calculated values of 
pseudo second order model maximum sorption carpacities (qe) for Fe2O3-SiO2 validates 
the applicability of Na, K, Ca and Mg sorption. Therefore, the adsorption mechanism was 
classified as the second-order nature of the adsorption process. Similar to Langmuir 
isotherm model, pseudo-second-order kinetics assumes that the rate limiting step may be 
chemisorption involving valence forces through sharing and exchange of electrons 
(Nomngongo et al, 2014; Ghomri et al, 2013; Setshedi et al, 2013; Sadeghi et al, 2016). 
Pseudo-second-order kinetic rate constant (k2) and adsorption capacity (qe) were further 
used to calculate the initial sorption rate (h), and the half-adsorption time (t1/2) and the 
results are presented in Table 4. Half-adsorption time refers to the time required to remove 
half of the amount of the analyte of interest at equilibrium and is considered as a measure 
of the adsorption rate (Nomngongo et al, 2014). The results obtained revealed that there 
was relatively high affinity between the adsorbent and metal ions. This is because half 
adsorption times for all metal ions were short (ranging 2-6 min). In addition, the initial 
sorption rate for all the studied major cations was in the order Ca > Mg > Na>K. 
The sorption kinetic data was  further analysed to understand the role of intraparticle 
diffussion on the entire adsorption process. In addition, intraparticle diffussion  was used 
further identify the steps of adsorption process. The kinetic data was was fitted on 
multilinear plots of intraparticle diffusion process for the sorption of major cations onto the 
surface of nanoadsorbent demonstrated that two steps took place. According to the 
literature, the two steps correspond to film diffusion which is the diffusion of analyte 
molecules from solution to the external surface of the adsorbent, and intraparticle 
diffusion, that is, the diffusion of analyte molecules through pores of the nanodsorbent 
(Setshedi et al, 2013). In addition, the multilinear plots did not pass through the origin, 
suggesting the intraparticle diffusion is not the rate-limiting step (Setshedi et al, 2013). 
This suggested that some other mechanisms also play an important role in the adsorption of 
major elements.  
The constant values for intra particle diffusion (kid) and C were calculated from the 
intercept and slope and the parameters and R2 are presented in Table 3.4. It can be seen 
that kid1 is larger than kid2. This observation suggested that the film diffusion process was 
rapid compared to the intraparticle diffusion which was a gradual process (Chen et al, 
2014). In addition, the correlation coefficients indicated a good applicability of 
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intraparticle diffusion model in assessing the steps that take place during the adsorption of 
major elements onto the surface of SiO2-Fe2O3 nanoadsorbent (Chen et al, 2014).  
 
Table 3.4: Pseudo first, second order and intraparticle difussion for sorption of Na, K, Mg 
and Ca. 
  Ca K Mg Na 
 qe exp 151 163 160 178 
Pseudo-first order k1 (min
-1) 0.0838 0.0683 0.0497 0.0538 
 qe (mg g
−1) 24.6 40.0 20.6 45.5 
 R2 0.7610 0.5962 0.4962 0.5953 
Pseudo-second 
order  
k1 (g mg
−1 min−1) 0.003 0.009 0.002 0.001 
 qe (mg g
−1) 153 163 162 181 
 R2 0.9969 0.9989 0.9913 0.9893 
 h (mg g−1 min−1) 75.2 25.5 57.5 35.3 
 t1/2 (min) 2.04 6.43 2.81 5.15 
Intraparticle 
diffusion 
kid1(g mg
−1 min−1) 65.9 88.9 81.5 94.2 
 C1 (mg g
−1) 46.9 154 108 144 
 R1
2 0.9959 0.9650 0.9872 0.9808 
 kid1(g mg
−1 min−1) 0.294 0.0921 0.0873 0.566 
 C2 (mg g
−1) 149 161 161 174 
 R2
2 0.386 0.493 0.53 0.54 
3.3.7 Reusability and regeneration studies 
Regeneration/ reusability property of an adsorbent is one the important aspect in adsorption 
based studies for a cost-effective metal ion removal process. Under optimum conditions, 
the adsorption–desorption cycles repeated ten times were carried out using synthetic 
seawater samples (containing 1000 mg L−1 for each analyte). To remove the adsorbed 
cations, the spent adsorbent was treated with 2.0 mol L−1 HNO3, sonicated for 1 h, and 
filtered. After filtration, the filtrate was analyzed using ICP-OES. The removal efficiency 
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of the adsorbent remained constant for seven cycles (Table 3.5). This suggested the 
prepared nanocomposite was relatively stable and can be reusable. 
 
Table 3.5: Adsorption-desorption studies on Ca, K, Mg and Na using Fe2O3-SiO2 
nanocomposite material. 
Cycles  Cation % removal efficiency 
 Ca K Mg Na 
1 98.1±2.1 99.3±1.1 99.2±2.3 99.6±2.1 
3 98.2±2.3 99.1±1.8 99.3±0.8 99.1±0.9 
5 98.0±1.9 99.6±2.0 98.8±1.0 98.2±1.0 
7 96.8±2.5 96.7±1.3 97.9±1.6 96.7±1.2 
10 88.3±3.1 85.4±2.8 82.9±1.9 88.9±3.8 
 
3.3.8 Application to real samples 
The applicability of Fe2O3-SiO2 nanocomposite to remove Ca, K, Mg and Na from real 
seawater was investigated. Detailed analysis data of the seawater using ICP-OES revealed 
that the samples contained about 10403-10793, 384-401, 395-401 and 1293-1341 mg L˗1 of 
Na, K, Ca and Mg, respectively; the pH and conductivity were found to be 8.3 and 
4.77×105 µS. The analytical results before adsorption and % removal are presented in 
Table 3.6. The results obtained indicated that Fe2O3-SiO2 is suitable for removal of major 
elements (% removal efficiency ranged from 83-98%) from seawater. In addition, 
considering the high initial concentrations especially Na and Mg, Fe2O3-SiO2 
nanocomposite exhibited high potential as adsorbent that can be used in desalination real 
seawater or brines. For this reason, future studies will investigate the adsorptive removal of 
Na, K, Mg and Ca in real seawater using continuous column system. 
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Table 3.6: Application of Fe2O3-SiO2 nanocomposite for removal of major elements in real 
samples. 
Analytes  Initial concentration (mg 
L˗1) 
%RE Initial concentration (mg 
L˗1) 
%RE 
 Sample 1  Sample 2  
Na 10403±42 83.7±1.2 10793±70 81.2±1.7 
K 384±10 98.2±1.4 401±9 98.6±2.3 
Ca 401±6 98.0±1.5 395±9 97.9±1.3 
Mg 1293±15 90.2±2.3 1341±15 89.5±2.3 
 
The comparison of Fe2O3-SiO2 nanocomposite with other carbon based materials reported 
previously in the literature for removal of major cation is shown in Table 3.7. It can be 
seen from this table that the performance of the current material is comparable or even 
better than some carbon based materials (Mishra & Ramaprabhu, 2010; Mishra & 
Ramaprabhu, 2011; Mishra & Ramaprabhu, 2012; Hettiarachchi et al, 2016). 
 
Table 3.7: Comparison of Fe2O3-SiO2 nano composite adsorbent with carbon based 
adsorbents  on removal of Ca, K, Mg, Na. 
Analytes  Adsorbent  %Removal 
efficiency  
Ref. 
Na, Mg Activated carbon  80, 72 Hettiarachchi et al, 
2016 
Ca, Mg, Na Fe3O4-MWNTs  73, 67, 70 Mishra & 
Ramaprabhu, 2010 
Na, Mg, Ca, K Functionalized 
graphene sheets 
68, 71, 60, 56 Mishra & 
Ramaprabhu, 2010 
Mg, Na f-MWNTs 88, 72 Mishra & 
Ramaprabhu, 2010 
Ca, K, Mg, Na Fe2O3-SiO2 98, 98.7, 90, 84 This work  
 
 55 
3.4. CONCLUSION 
The Fe2O3-SiO2 nanocomposite as an adsorbent was prepared using sol-gel method and 
characterized by XRD, SEM, TEM, BET and EDX techniques. The parameters affecting 
the experimental parameters for removal of Ca, K, Mg and Na in synthetic saline samples 
were optimized using response surface methodology based on central composite design. 
Under optimised condition, the adsorption followed Langmuir model better than 
Freundlich isotherm implying that the maximum adsorption capacity was 152, 164, 161 
and 181 mg g−1 for Ca, K, Mg and Na, respectively. The value of RL from Langmuir 
isotherm indicates that the sorption of Na+, K+, Ca2+ and Mg2+ ions was 
favourable.Whilethe mean free energy of adsorption was <8 kJ mol suggesting the 
mechanisms of adsorption of the major cations onto the nanoadsorbents were 
physisorption.In addition, the adsorption of the major elements followed second-order 
kinetics as well as film and intraparticle diffusion mechanisms. Moreover, the results 
obtained indicated that Fe2O3-SiO2 nanocomposite could be a potential adsorbent for the 
adsorption desalination process. 
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CHAPTER 4: APPLICATION OF RESPONSE SURFACE METHODOLOGY FOR 
SIMULTANEOUS REMOVAL OF MAJOR ELEMENTS FROM SEAWATER 
USING METAL OXIDE NANOSTRUCTURES 
ABSTRACT 
The objectives of this study were to assess the suitability of metal oxide nanomaterials for 
desalination of sea water. The as-synthesised nanomaterials were characterized using 
different techniques such as SEM/EDS, TEM, XRD, and BET. The simultaneous removal 
of Na, K, Ca and Mg ion from aqueous solutions by α-Fe2O3 and SiO2/Nb2O5/Fe2O3 
nanostructures was studied using batch method. The influence of different experimental 
parameters (such as initial metal ion concentrations, mass of adsorbent, sample pH and 
contact time) that affect the simultaneous removal of metal ions were studied using 
response surface methodology (RSM) based on small central composite design (SCCD). 
Under optimised conditions, the highest percentage removal was 75%, 92%, 93% and 85% 
for Na, K, Ca and Mg, respectively. 
Keywords: Nanomaterials; Adsorption, Desalination, Seawater, Brine, Multivariable 
optimization 
4.1 INTRODUCTION 
Providing clean water should be a prime requirement of human beings for their health and 
basic survival. Water pollution is increasing worldwide due to large (and continual growth 
of) population, industrial growth, commercial and agricultural activities (Schwarzenbach et 
al 2006). Due to the increase in anthropogenic activities, freshwater supplies suitable for 
potable use are becoming limited, especially in dry and arid locations (Daer et al, 2015). In 
addition, the scarcity of fresh water resources has resulted in mine water and seawater 
being used as viable potable water resources (Glennon et al, 2005 & Barats et al, 2016). 
However, seawater has high concentration of salinity thus making it unfit for domestic 
purposes. Therefore, in order to cope with fresh water shortage, desalination has become 
one option for producing potable water from brackish water and seawater in many parts of 
the world (Ghaffour et al, 2013). Over the past decade, numerous commercial-scale 
desalination plants have been designed, built and operated. These include membrane 
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distillation (Morillo et al, 2014), the multi-effect desalination (Zhao et al, 2011), and the 
membrane-based reverse osmosis (Nataraj et al, 2006) plants. However, further research 
needs to be undertaken to optimize the performance of nano- scale membrane (Daer et al, 
2015). Therefore, it is important for researchers to develop commercially feasible 
technology for desalinating sea water with improved overall system efficiency.  
Among the above mentioned techniques, adsorption is one of the most efficient 
methods for the removal of a wide range metals due to its high efficiency, easy operation 
and low cost (Ma et al, 2013). It is also known to be an efficient and economic method for 
the removal of pollutants in the environment (Fenglian et al, 2011 & Gupta et al, 2015). In 
this method, the removal efficiency for trace metals is mainly dependent on the surface 
properties of adsorbent (Ma et al, 2013). For instance, an adsorbent with a large surface 
area can provide more adsorption sites. Conversely, the adsorbent surface is negatively 
charged at pH values higher than its point of zero charge (PZC), which is a benefit for 
adsorption/removal of trace metals (Ma et al, 2013). Recently, the use of nanometer-sized 
metal oxides as trace metal ion adsorbents has become an active area of research in the 
field of analytical science due to their special properties (Shishehbore et al, 2011; Hu et al, 
2015; Zhang et al, 2015). The latter include small diameter, large specific surface area, 
corrosion-resistance, non-toxicity and low cost, high chemical stability, unique electrical 
properties and the resultant superior mechanical properties (Chen et al, 2013).  
Researchers have synthesised and characterized different nanometer sized metal oxides 
such as alumina (Cui et al, 2011), titania (Huang et al, 2011), iron oxide (Morillo et al, 
2015), magnesium oxide (Purwajanti et al, 2015), and zirconia (Zheng et al, 2009), among 
others nano adsorbents and these solid materials have been applied for the removal of trace 
elements (such as Cd, Pb, Hg, As, Zn, Cu and Co, among others) in environmental 
samples.  
In terms of saline solutions, Li et al, (2009) showed that ordered mesoporous carbon 
(OMC) can remove significant amounts of NaCl due to its high BET surface area of 1491 
m2 /g and ordered mesopores of 3.7 nm by adsorption process. The recovery of high-purity 
magnesium solution from reverse osmosis brine by adsorption of Mg(OH)2 has been 
studied on the surface area of Fe2O4 micro particles (Lehmann et al, 2014). This method 
has shown a significant improvement on the separation step for extracting and reuse of Mg 
(II) from sea water reverse osmosis (SWRO) brine. In recent years, binary or ternary metal 
mixed oxides (such as ceria-coated silica–iron oxide; silica-coated iron oxide, silica-
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alumina and SiO2-ZnO-Al2O3, among others) exhibit superior properties as compared to 
single metal oxides (Diniz et al, 2014). The properties of nanometer sized mixed oxides 
adsorbents include increased adsorbent reusability, stability and high adsorption capacity 
for metal ions in a wide pH range. In addition, these mixed oxides nanomaterials possess 
strong chemical activity as a result of the excess Lewis and Brønsted acid/base binding 
sites that permit high retention/adsorption of cationic and anionic metal species (Diniz et 
al, 2014; Kandula et al, 2015; Wutke et al, 2016).  
Conventionally, optimization in adsorption methodologies has been performed using 
univariate technique, which means, monitoring one factor at time. However, the 
disadvantages of this method include; possibility of leading to ambiguous results and 
interpretation because the interactive effects among the variables are not examined. 
Secondly, univariate optimization increases the number of experiments to be conducted. 
Therefore, this leads to an increase in analysis time as well as an increase in the 
consumption of reagents and materials (Bezerra et al, 2008). Statistical and design of 
experiments methods have been widely used at various stages of multivariate optimization 
strategy (Ferreira et al, 2007). For this reason, factorial design (either fractional of full) and 
RSM are the main statistical and mathematical tools which determine the significant 
factors and their optimum values (Bezerra et al, 2008; Benyounis et al, 2008). For instance, 
Namaghi et al, (2015) reported the use RSM based on Box–Behnken design for 
identification and optimization of key parameters in preparation of thin film composite 
membrane for water desalination. Mazaheri et al, (2015) applied RSM based on central 
composite design for simultaneous removal of methylene blue and Pb2+ ions using 
ruthenium nanoparticle-loaded activated carbon. Other applications of multivariate for 
optimization of batch adsorptions methodologies are reported in the literature (Mourabet et 
al, 2015; Mondal et al, 2016; Rekadwad et al, 2016). 
The aim of this paper is to study characteristics of hematite and SiO2/Nb2O5/Fe2O3 as 
an adsorbent for the removal of Na+, K+, Ca2+ and Mg2+ from brine solution in a batch 
system. Optimization of the following factors affecting the adsorption efficiency such as 
solution pH, contact time, initial concentration, and adsorbent mass were investigated 
using RSM.  
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4.2. EXPERIMENTAL 
4.2.1 Materials and reagents 
Tetraethyl orthosilicate, (TEOS, 99.0%), ethanol, hydrochloric acid, HNO3 acquired from 
Sigma-Aldrich. Standard solutions of Na+, K+, Ca2+ and Mg2+ were prepared from a 1000 
mg L-1 stock solution by making appropriate dilutions using ultra-pure water. The pH of 
these solutions was adjusted by drop wise additions of hydrochloric acid and ammonium 
obtained from associated chemical enterprises (ace).   
4.2.2 Instrumentation 
The quantification of the analyte (Na, K, Ca and Mg) was performed using an ICP-OES 
spectrometer (iCAP 6500 Duo, Thermo Scientific, UK) equipped with a charge injection 
device (CID) detector. The samples were introduced with a concentric nebulizer and a 
cyclonic spray chamber. The operating parameters of the instrument are reported in the 
supplementary data. The pH of the solution was adjusted and measured using OHAUS pH 
meter ST320. Dried samples from synthesis were calcined in a muffle furnace. The 
ultrasonic bath (Branson Electronic 5800) was used to sonicate in adsorption 
experiments.The crystallographic phases of all the samples were determined by X-ray 
diffraction (XRD) analysis using Panalytical X'Pert X-ray Diffractometer, using Cu Kα 
radiation, and 2θ scan from 4.00-80.00° and a scan step time of 196.2 s. The surface area 
and pore size distribution of the samples were analysed using BET micrometrics ASAP 
2020. 
4.2.3 Synthesis of porous α-Fe2O3 
The nanostructured α-Fe2O3 was prepared by adapting the sol gel method reported by 
Shivakumara et al, (2014). In a typical synthesis, 12 g of FeCl3.6H2O was dissolved in 100 
mL of double distilled water at room temperature. To the above solution, 20 mL of 
ethylene glycol was added slowly and continuously stirred for 1 hr. Once a red colloidal 
suspension formed, 1 M NaOH solution was added dropwise to increase the pH to 9. The 
contents were stirred for a further 6 hrs. The formed iron hydroxide was filtered and 
washed with distilled water several time followed by ethanol. The product was dried for 12 
h at 60 °C.  The dried sample was then heated for 3 hrs at 550 °C in muffle furnace.   
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4.2.4 Preparation of SiO2/Nb2O5/Fe2O3 mixed oxide 
The synthesis procedure was adapted from the literature (Diniz et al, 2014). The material 
was prepared by mixing 133 mL tetraethyl orthosilicate (TEOS), 133 mL of ethanol and 11 
mL of 3.5 mol/ HCl together in a beaker. The solution was stirred at 35˚C for 3 hrs. 1 g 
Iron Oxide (Fe2O4), 10.3 g of niobium chloride (NbCl5), 10 mL of ethanol together with 4 
mL of 3.5 mol L-1 HCl were added to the mixture. Solution was kept under stirring at 60 ˚C 
for 20 hrs. Solvent (ethanol) was then gently evaporated at 35 ˚C for 2 hrs; and the 
obtained material was milled to particle sizes (150-300 µm) using a ball mill. The material 
was then washed with 100 mL of 0.1 mol L-1 HNO3, ethanol; deionized water and again 
with ethanol, after which it was further calcined at 550 ˚C for 2 hrs.   
4.2.5 Batch Sorption Studies 
The adsorption capacity of α-Fe2O3 and SiO2/Nb2O5/Fe2O3 nanocomposite were conducted 
on a batch experiment from water samples of known initial concentrations. Batch 
experimental mode was adopted due to its simplicity. In the first set of experiments, 20 mL 
of Na, K, Caand Mgsolution contained in 100 mL plastic bottles were contacted with 0.1 g 
of α-Fe2O3 and SiO2/Nb2O5/Fe2O3. The sealed bottles containing brine solution were 
placed in an ultrasonic bath for 25 min at 25 °C. After 25 min the samples were filtered by 
0.22 µm micro filters. The filtrate was then analysed for residual brine concentration using 
ICP-OES. The Na, K, Ca and Mg percentage removal was calculated. All the experiments 
were carried in triplicates. 
4.3. RESULTS AND DISCUSSION 
4.3.1 Characterization of α-Fe2O3 and SiO2/Nb2O5/Fe2O3 
Fig. 4.1a shows XRD patterns of α-Fe2O3 samples calcined at 550 ℃.  The sharp peaks 
indicate that the sample is crystalline with characteristic rhombohedral structure of α-
Fe2O3. Crystalline peaks for Fe2O3 appeared at 2 theta angles of 23.51°, 32. 81°, 35.63°, 
40.70°, 49.22°, 53.54°, 57.40°, 62.23°, 64.01°, 71.27°, 75.46°, respectively. The most 
intense peak is ascribed to miller index 104 at 2 theta angle 32. 81°. A plausible 
explanation for this is that by increasing the reaction temperature there is more energy 
within the solution. The XRD patterns obtained in this structure are similar to the XRD 
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pattern obtained by (Shivakumara et al, 2014). Fig. 4.1b shows amorphous structure of 
SiO2/Nb2O5/Fe2O3 calcined at 550 ℃. This may be due to the addition of amorphous SiO2. 
Amorphous SiO2 has shown some advantages in preparing highly active supported catalyst 
(Sun et al, 2013).  
 
 
 
Fig. 4.1: (a) XRD patterns of α-Fe2O3 at 550 ℃ (b) XRD patterns of SiO2/Nb2O5/Fe2O3 at 
of  
550 ℃. 
 
The typical TEM images of the resulting Fe2O3 nanoparticles and SiO2/Nb2O5/Fe2O3 
adsorbent has been prepared through the sol gel method and calcined at 550 ℃ 
temperature (Fig. 4.2). TEM measurements at Fig. 4.2a show that few of the particles had a 
cubic shape, whereas most particles show spherical morphology of Fe2O3. The TEM image 
for SiO2/Nb2O5/Fe2O3 composite nanoparticles obtained showed that the Nb2O5Fe2O3 was 
coated by an amorphous layer of SiO2. Such shell structures for composite particles with 
Nb2O5 have been reported previously in the literature (Wang et al, 2015; Xu et al, 2013). 
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Fig. 4.2: TEM images of iron oxide prepared from FeCl3 using 1 M of aqueous NaOH and 
b TEM micrograph of SiO2/Nb2O5/Fe2O3. 
 
In order to evaluate the surface area and porous nature of α-Fe2O3 and 
SiO2/Nb2O5/Fe2O3 nanostructures, nitrogen adsorption-desorption isotherms were 
obtained. The specific surface area was calculated usingBrunauer–Emmett–Teller (BET) 
method. Shivakumaru et al, (2014) shows how the pore volume and surface area of α-
Fe2O3 samples decrease with an increase of preparation temperature. A relatively small 
surface area is observed with both materials (6.7931 m2/g) of α-Fe2O3 and (21.2029 m2/g) 
of SiO2/Nb2O5/Fe2O3. The nanocomposite comprised of variety of metal oxides that comes 
with different shapes and sizes, these different sizes and shapes ensures that they are more 
active sites (specially due to more atoms on the surface and edges of the composite) 
(Munonde et al, 2017). 
4.3.2 Selection of an adsorbent 
The selection of adsorbents for the removal of Na, K, Ca and Mg ions was conducted using 
univariate approach. The percentage removal efficiency calculated using Equation 4.1, was 
used to assess the performance of each adsorbent.  
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where C0 is the initial concentration of cations in a model sea water solution and Cf is the 
final concentration of metal ions in water after treatment.From Fig. 4.3, it was observed 
that SiO2/Nb2O5/Fe2O3 was the best adsorbent for removal of all metal ions. Further 
experiments were conducted using SiO2/Nb2O5/Fe2O3. 
 
 
Fig. 4.3: Removal efficiency of Iron oxide and SiO2/Nb2O5/Fe2O3 at natural pH, initial 
concentration of 850 mg L−1, contact time of 16 minutes, at 26 ºC and adsorbent mass of 
0.1 g. 
4.3.3 Point of zero charge on SiO2/Nb2O5/Fe2O3 
The zeta potential experiments were carried out to determine the pH at point of zero charge 
of SiO2/Nb2O5/Fe2O3. In addition, these experiments were performed in order to 
investigate the behavior of the adsorbent at different pH values. The results the zero-point 
charge pHpzc of the composite was found to be 4.5. These results implied that 
SiO2/Nb2O5/Fe2O3 composite surface is negatively charged when the pH of the solution is 
higher than pHpzc and positively charged when pHZPC is lower. This result indicates the 
potential of the material to adsorb positively charged metals Na+, Mg2+, Ca2+ and K+ at pH 
values of more than 4.5, and it will adsorb the negatively charged metals such as Cl- and 
SO4
-2 at pH less than 4.5.  
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4.3.4 Optimization using response surface methodology 
The experimental parameters (sample pH, contact time, initial concentration and adsorbent 
mass) affecting the simultaneous removal of metal ions was optimized using multivariate 
approach. A response surface methodology based on central composite design was used to 
optimise the removal process. The CCD matrix and analytical results for each run (n = 3) 
performed as per the experimental design are tabulated in Table 4.1. In order to assess the 
significance of the main effects and their interactions, the experimental results were 
statistically analysed by means of analysis of variance (ANOVA).  
 
Table 4.1: Central composite design matrix and analytical response. 
Runs pH MA IC CT Removal efficiency (%) 
          Na K Ca Mg 
1 9 1 1000 5.0 81.83 79.85 81.01 79.04 
2 9 1 25 5.0 99.47 98.09 97.89 99.57 
3 9 0.1 1000 30.0 50.24 50.84 52.28 52.38 
4 2 1 25 30.0 61.98 60.82 66.22 64.59 
5 9 0.1 25 30.0 89.47 89.78 89.56 88.32 
6 2 0.1 1000 5.0 34.23 31.14 34.49 30.88 
7 2 1 1000 30.0 44.17 40.81 44.05 41.71 
8 2 0.1 25 5.0 61.98 63.75 680.96 62.69 
9 2 0.55 512 17.5 62.95 63.3 64.99 63.1 
10 9 0.55 512 17.5 86.03 82.87 85.27 81.74 
11 5.5 0.1 512 17.5 65.9 68.0 63.84 65.79 
12 5.5 1 512 17.5 96.51 98.83 98.46 98.49 
13 5.5 0.55 25 17.5 99.49 99.82 98.33 98.03 
14 5.5 0.55 1000 17.5 86.37 85.29 85.88 87.6 
15 5.5 0.55 512 5.0 86.16 80.73 84.52 80.38 
16 5.5 0.55 512 30.0 96.29 97.22 97.49 98.4 
17 5.5 0.55 512 17.5 98.16 98.24 98.69 98.68 
18 5.5 0.55 512 17.5 98.47 99.64 98.43 98.92 
Footnote: MA= Adsorbent mass, IC=Initial concentration, CT=Contact time. Each run was 
performed in triplicates. 
 
The ANOVA results presented in the form of Pareto chart are shown in Fig. 4.4. It can 
be seen from Fig. 4.4 that the initial concentration (coded as (3) C (L)), pH (coded as 
pH(Q)) and mass of adsorbent (coded as (2) MA(L)) was significant at 95% confidence 
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level and that the other factors and their interactions were not statistically significant. 
Therefore, it was clear that the simultaneous removal of major cations was dependent on 
the concentration of Na, K, Ca and Mg, pH, and mass of the adsorbent. In addition, it can 
be seen from Table 4.2 that as the initial metal ion concentration and mass of adsorbent 
increase the analytical response is affected. Therefore, RSM model was used to obtain the 
optimum conditions. 
 
 
Fig. 4.4: Pareto chart of standardized estimated effects caused by the investigated factors. 
 
To investigate the interactive effect of two independent factors and their interactions on 
the removal efficiency of the major cations, the response surface plots were constructed 
based on the quadratic models using RSM. Fig. 4.5 shows the 3D surface plots for the 
combined effect of sample pH and mass of adsorbent. It can be seen from Fig. 4.5, that 
efficiency was high when pH ranges from 6-7 with adsorbent mass of 0.5-1.0 g. The 
combined effect of initial concentration and mass of the adsorbent is shown in Fig. 4.6b. It 
can be seen that the maximum removal efficiency was obtained when mass of the 
adsorbent was 1.0 g and the initial concentration for each analyte is between 800 mg L-1 
and 1000 mg L-1. 
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Fig. 4.5: Response surface plot showing the combined effect of mass of adsorbent with 
sample pH and initial concentration on the % removal efficiency: other factors were fixed 
at central point. 
 
The effect of initial concentration and sample pH on the analytical response (removal 
efficiency) is presented in Fig. 4.6.  The results obtained showed that the maximum 
removal efficiency was observed when the initial concentration and sample pH were at 
1000 mg L-1 and 7, respectively. Fig. 4.7b represents the combined effect of contact time 
and sample pH. It was observed that the quantitative removal of Na, K, Ca and Mg could 
be attained when the pH of the solution ranges from 6-8 and the contact time did not show 
a significant effect on the analytical response. These observations were in agreement with 
the results shown in the Pareto chart and Table 4.2. 
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Fig. 4.6: Response surface plot showing the combined effect of contact time with sample 
pH and initial concentration with sample pH on the % removal efficiency: other factors 
were fixed at central point. 
Fig. 4.7 shows the combined effect of contact time, mass of adsorbent and initial 
concentration. The increase in MA value increases the removal efficiency. This 
observation was attributed to the availability of more adsorption sites. In addition, it can be 
seen from the response surface plot that percentage removal efficiency increases with 
increasing metal concentration up to about 1000 mg L−1.As mentioned above, the effect of 
contact time did not have much influence on the analytical response. 
 
 
Fig. 4.7: Response surface plot showing the combined effect of contact time with mass of 
adsorbent and initial concentration on the % removal efficiency: other factors were fixed at 
central point. 
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The optimum values of the factors, that is sample pH, extraction time, initial 
concentration and mass of the adsorbent were obtained by checking the maxima formed by 
the X and Y coordinates (Xu et al, 2013) and confirmed by analysing the RSM quadratic 
equations (not included). Therefore, the optimum conditions for removal of Na, K, Ca and 
Mg were 7.5, 15, 1500 mg L−1 and 1.0 g for sample pH, extraction time, initial 
concentration and mass of adsorbent, respectively. 
4.3.5 Confirmation experiments 
The analytical data given by RSM model under optimized condition was validated by 
performing the confirmatory experiments conducted under the parameters suggested by the 
model (pH 7.5, adsorbent dose 0.1 g, initial concentration 850 mg L−1 and extraction time 
16 min) and the removal efficiencies are presented in Table 4.2. From the table, the results 
are in agreement with predicted values given by RSM model. 
 
Table 4.2: Confirmation experiments conducted under the parameters suggested by the 
model (pH 7.5, adsorbent dose 0.1 g, initial concentration 850 mg L−1 and extraction time 
16 min). 
Analytes  RSM predicted response (%) Confirmation experiment response (%) 
Na 90.5±1.1 93.6±1.2 
K 93.1±1.3 94.3±0.9 
Ca 91.2±1.6 93.5±1.3 
Mg 91.3±1.3 93.2±1.4 
 
4.3.6 Adsorption equilibrium studies of SiO2/Nb2O5/Fe2O3 
Langmuir and Freundlich isotherm studies were carried out to understand the nature of 
adsorption process that is taking place during removal of Na, K, Ca and Mg ions. 
Langmuir isotherm is normally used to describe a homogeneous monolayer chemical 
adsorption process; while, Freundlich isotherm describe the adsorption characteristics in a 
heterogeneous surface (Nomngongo et al, 2014; Hettiarachchi et al, 2016). The Langmuir 
and Freundlich linearized equations are represented by Eqns. 4.2 and 4.3 (Nomngongo et 
al, 2014; Hettiarachchi et al, 2016; Langmuir, 1918; Freundlich, 1906). 
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Langmuir linearized equation: 
maxmax
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e
e          (4.2) 
where, qe (mg g−1) and Ce (mg L−1) are the amounts of adsorbed metal ion per unit gram of 
adsorbent and unadsorbed metal ion concentration in the solution at equilibrium, 
respectively. The constant KL is the Langmuir equilibrium constant and qmax is the 
maximum monolayer adsorption capacity (Hettiarachchi et al, 2016).  
Freundlich linearized equation: 
eFe C
n
Kq ln
1
lnln          (4.3) 
where KF is the Freundlich constant which relates to adsorption capacity and n is the 
Freundlich exponent, which relates to adsorption intensity. The values of KFand n are 
calculated from a graph of log qe vs. log Ce.  
The adsorption process of Na, K, Ca and Mg ions was carried out at different initial 
metal ion concentrations (500-5000 mg L−1) and the results are tabulated in Fig. 4.8. It can 
be seen from this figure that the removal of major cations through adsorption process 
depended on the initial concentration of cations. For this reason, adsorption–desorption 
equilibrium state is reached faster at low initial concentration thus resulting in lower 
adsorption capacities (Hettiarachchi et al, 2016). This phenomenon is prevalent in cases 
where the adsorption process is homogeneous monolayer. It should be noted that the 
adsorption process was performed using a multielement standard that contains all four 
cations.  
The results drawn from each isotherm parameters and the respective correlation 
coefficients are presented in Tables 4.3. From the data, the adsorption process of major 
cations was better described by Langmuir model than Freundlich model.  
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Fig. 4.8: Equilibrium adsorption capacity for Na, K, Ca and Mg ions. 
 
Table 4.3: Langmuir and Freundlich adsorption model parameters for adsorption of Na, K, 
Ca and Mg ions. 
Cations Langmuir parameters Freundlich parameters 
Na qmax(mg g
−1) 181.8 KF 1.4 
 KL(L mg
−1) 0.37 N 3 
 R2 0.9995 R2 0.7523 
K qmax(mg g
−1) 163.9 KF 1.3 
 KL(L mg
−1) 0.45 N 3 
 R2 0.9997 R2 0.7725 
Ca qmax(mg g
−1) 151.5 KF 1.4 
 KL(L mg
−1) 0.67 N 5 
 R2 0.9999 R2 0.4887 
Mg qmax(mg g
−1) 161.3 KF 1.3 
 KL(L mg
−1) 0.47 N 3 
 R2 0.9999 R2 0.7054 
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4.3.7 Removal of Na, K, Ca and Mg from Seawater 
Natural seawater samples collected from Durban, South Africa, were used to evaluate the 
applicability of the optimized desalination method. According to ICP-OES results, the 
seawater samples contained about 10786, 370, 403 and 1283 mg L˗1 of Na, K, Ca and Mg, 
respectively; the pH and conductivity were found to be 8.1 and 4.83×105 µS. Results 
obtained are illustrated in Table 4.4. It can be seen from this table that the removal 
efficiency was found to be 77, 97, 97 and 85% for Na, K, Ca and Mg, respectively. These 
results demonstrated that the SiO2/Nb2O5/Fe2O3 composite has a potential to be used for 
treating saline solutions such as seawater or brines. 
 
Table 4.4: Application of SiO2/Nb2O5/Fe2O3 composite for removal of major elements in 
real samples. 
Analytes  Concentration (mg L˗1) %RE Concentration (mg L˗1) %RE 
 Sample 1  Sample 2  
Na 10393±29 77.1±1.2 10786±63 76.3±1.3 
K 374±9 96.5±1.4 387±11 97.3±1.1 
Ca 403±7 96.7±1.5 394±9 96.4±1.6 
Mg 1273±13 85.2±2.3 1330±15 84.5±1.8 
 
The summary of some materials used previously in the literature to treat saline water it’s 
shown in table 4.5. Results showed that removal of Na, K, Ca and Mg analytes by 
SiO2/Nb2O5/Fe2O3 adsorbents was comparable to the literature.  
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Table 4.5: Summary of salinity removal on desalination processes. 
Material/Adsorbent Analyte  Removal efficiency 
(%)  
Ref. 
CO2 hydrates 
 
Na, Mg, K, B 
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(Park et al, 2011) 
 
Magnetite multiwalled 
Carbon nanotube 
As, Na (58, 61) (Mishra et al, 2010) 
Activated coconut coir 
(ACC) 
Na, Mg 
 
(72- 82) (Hettiarachchi et al, 
2016) 
Polyvinylidene 
(Fluoride) 
Ca, S, O, C, Na, Cl, 
Mg 
>99.9  (Hou et al, 2011) 
Graphene sheet 
 
Na, Mg, Ca, K 
 
(68, 71,60, 56) 
 
(Mishra et al 2014) 
 
Gas hydrate 
(CO2>CH4) 
Na, K, Mg, Ca, Cl 76 (Cao et al, 2009) 
 
SiO2/Nb2O5/Fe2O3 Na, K, Ca and Mg 75, 92, 93, 85 This work 
 
4.4. CONCLUSIONS 
The SiO2/Nb2O5/Fe2O3 composite was prepared as adsorbent for simultaneous removal of 
Na, K, Ca and Mg, seawater. The influential experimental parameters were optimized 
using central composite design. The quadratic equations from RSM were helpful in 
choosing the appropriate experimental parameters for effective adsorptive removal of Na, 
K, Ca and Mg in aqueous model solution. Validation experiments were carried out in order 
to confirm the results obtained by RSM model and the results were similar to those 
predicted using the model. The maximum percentage removal efficiency of metal ions 
from synthetic sample solutions and sea water samples ranged 76-93% for Na, 94-97% for 
K, 75-93% for Ca and 85-94% for Mg. The equilibrium adsorption data were better 
represented by Langmuir isotherm model with maximum adsorption capacities being 
181.8, 163.9, 151.5, and 161.3 mg g-1, for Na, K, Ca and Mg, respectively. X-ray 
diffraction and TEM image showed that the Nb2O5 and Fe2O3 were successfully coated by 
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silica. The results further showed that the crystallite of Nb2O5 Fe2O3 were dependent on the 
temperature. It can be concluded that SiO2/Nb2O5/Fe2O3 composite can be used as an 
adsorbent for desalination of sea water. However, further investigation on its performance 
on multi-bed adsorption system is to be explored. 
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CHAPTER 5: 
REMOVAL OF Cr, Cu, Al, Ba, Zn, Ni, Mn, Co AND Ti FROM SEAWATER USING 
Fe2O3-SIO2-PAN NANOCOMPOSITE: EQUILIBRIUM KINETICS 
ABSTRACT 
This work reports the preparation and application of Fe2O3-SiO2-PAN nanocomposite for 
Cr, Cu, Al, Ba, Zn, Ni, Mn, Co and Ti on seawater by kinetics models. X-ray diffraction 
(XRD), scanning electron microscope/energy dispersive X-ray spectroscopy (SEM/EDS), 
transmission electron microscope (TEM) and Brunauer–Emmett–Teller (BET) 
characterized the synthesized composite. The following experimental parameters 
(Extraction time, adsorbent mass and pH) affecting the removal of Cr, Cu, Al, Ba, Zn, Ni, 
Mn, Co and Ti were optimized using response surface methodology (RSM). The 
applicability of the RSM model was verified by performing the confirmation experiment 
using the optimal condition, and the response for the removal of metals ranged from 90-
97%. The kinetic study of adsorption was more accurately described by pseudo-second 
order model. The application study on adsorption of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co and Ti 
from seawater sample with initial concentration ranging from 0.99-319 mg L−1; showed 
satisfactory percentage efficiency removal that range from 98-99.9%. Adsorption capacity 
was found to be 3.50, 2.33, 1.97, 6.20, 3.70, 4.99, 4.05, 4.60, 3.32 mg g-1, for Cr, Cu, Al, 
Ba, Zn, Ni, Mn, Co, and Ti respectively. 
Keywords: In-situ synthesis; Fe2O3-SiO2-PAN nanocomposite; Major and trace metal; 
Adsorption desalination; Equilibrium kinetics. 
5.1 INTRODUCTION 
Water crisis is the biggest problem that humanity will be facing in years to come, as a 
result the increase problem of water scarcity has affected negatively on the economic 
development and human live woods (Khan et al, 2008). The desire for fresh quality water 
is caused by the global increase of population and industrial development. The scarcity of 
water has been resolved by building dams (Gleick, 2001), ground water recharge (Zuehlke 
et al, 2007), wastewater re-use (Judd et al, 2003), and desalination (Bar-Zeev et al, 2009), 
among others. The only endless water resource that can produce high yield water is the 
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ocean. However, various types of contamination around the globe have affected aquatic 
ecosystems. Heavy metals are the most known pollutants to have reduced the marine life 
(Ali et al, 2013). This has also generated a huge interest amongst scientists and 
environmentalists in determining the global distribution of dissolved PTMs in the ocean 
This has led to a huge interest in determining the global distribution of dissolved trace 
elements in the ocean. Various methods for treating trace elements that have been used 
include: chemical precipitation, ion exchange, biosorption, reverse osmosis and filtration 
(Jung, 2001; Nataraj et al, 2007; Rodrigueset al, 2008; Ku, &; Fu, & Wang, 2011). 
However, these methods are not mostly used because they are very expensive and their 
feasibility is very low (Shaaban & Yahya, 2017; Sohail et al, 1999). On the other hand, 
adsorption technique remains attractive method for removal of heavy metals because it has 
high removal efficiency and it is affordable (Li et al, 2007 & Ma et al, 2013). 
Many researches were conducted on the development of cheaper and successful 
adsorbent or heavy metal removal. Metal oxides has been studied in depth for adsorption 
of heavy metal removal, such as nanosized metal oxides (NMOs) which has good 
characteristics such as high surface areas and high activity (Nyaba et al, 2016; Dimpe et al, 
2018; Dimpe et al, 2017). The α-Fe2O3 was found to be an attractive water treatment 
adsorbent because it is cost effective and it is non-toxic (Zeng et al, 2003). Its 
nanostructures had a large surface area and showed excellent adsorption properties (Liu et 
al, 2011). However, NMOs are not stable because they have nanoscale size, which results 
into the metal aggregating due to Van der Waals forces and later lead to decrease in 
efficiency. To improve the stability state of NMO, impregnation onto porous supports of 
natural materials, synthetic polymeric hosts and activated carbon has been shown (Mishra, 
2016). These led to organic-inorganic polymer hybrids being used for its high transparency 
and excellent solvent–resistance (Ogoshi et al, 2005).  
Different methods were used for preparation of different types of sorbents. Such as the 
ex-situ (Ko et al, 2016) and in-situ synthesis (Wang et al, 2017). The use of in situ 
synthesis has been the most used methods for the synthesis of polymers and nanoparticles 
to achieve homogeneous and well-dispersed material in polymer solution (Lu, 2012). For 
this reason, preparation of composite materials such zeoliticimidazolate framework-8-PAN 
(Wang et al, 2017), sodium alginate- melamine sponge (Feng et al, 2018), poly (ether 
sulfone) (PES) and sulfonated poly (ether sulfone) (SPES) (Mohamadi et al, 2017) and 
many others, were applied for heavy metal removal. Liu et al, (2011) showed that the 
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uptake of As (III) was successfully accomplished using As (III) imprinted α-Fe2O3-
impregnated chitosan beads (Mohamadi et al. 2017). Park et al, (2017) successfully 
impregnated Fe-Ti bimetal oxidesinto polymeric beads with the overall metal content of 4-
6 wt.%.  
Recently, the use of ultrasound irradiation has gained more attention in various 
applications (Dimpe et al, 2017; Asfaram et al, 2015; dos Santon Fernandes et al, 2011; 
Hamdaoui et al, 2008;). This is because it assists in speeding the chemical process through 
the formation of acoustic cavitation, which is due to the propagation of pressure waves 
through liquid (Roosta et at, 2014). This process creates growth and collapse of the 
micrometer scale bubbles formed by pressure wave through liquid, helps in strengthening 
mass transfer process and also breaks the affinity between adsorbate and adsorbent 
(Asfaram et al, 2015; Roosta et al, 2014; dos Santon Fernandes et al, 2011; Hamdaoui et al, 
2008). In addition, shock waves have the ability of forming microscopic turbulence within 
the interfacial films that surrounds the solid particle (Hamdaoui et al, 2008). Furthermore, 
this helps in accelerating interaction between the adsorbent and analytes, thus reducing the 
time required to reach the equilibrium process (Asfaram et al, 2015; dos Santon Fernandes 
et al, 2011). 
In this study, Fe2O3-SiO2-PAN nanocomposite was applied for the first time as an 
adsorbent for treatment of trace metals in synthetic saline water samples and seawater. 
Synthesis of Fe2O3-SiO2-PAN composite material was achieved through the in-situ 
process. Iron oxide was selected for this study because it is a cheap material that has easy 
separation, high surface area and specific affinity (Xu et al, 2012 and Hua et al, 2012). 
Mesoporous silica has generated particular interest in recent decades the best adsorbents 
for treatment of aqueous pollutants because they offer physicochemical properties that are 
unique (Vojoudi et al, 2017). This includes properties such as possible re-use, mechanical 
resistance and easy modification. In addition, an inert silica coating on the surface of 
magnetite nano particles prevents their aggregation in liquid (Laurent et al, 2008).     
Therefore, many researchers have used the functionalised silica as an adsorbent (Bai et al. 
2011; Liu et al, 2013; Ramutshatsha et al, 2018). The polymer of choice, which is 
Polyacrylonitrile (PAN), is the most used polymeric materials as the adsorbents because it 
is cost-effective (Scharnagl et al, 2001; Almasian et al, 2018). Some of its properties 
include; low density, chemical and mechanical stability (Zhang et al, 2010). The composite 
material Fe2O3-SiO2 is excellent candidate for producing composite fibers with PAN due to 
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its combination properties such as chemical stability and flexibility, among others. The 
combination of these materials presents a novel class of composite nanofibres that entails 
unique advantages. The following experimental parameters (extraction time, adsorbent 
mass and pH) affecting the removal of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co and Ti were 
optimised using multivariate approach, respond surface methodology (RSM).  
5.2 EXPERIMENTAL 
5.2.1 Materials and reagents 
Ultra-pure water (Direct- Q® 3UV-R purifier system, Millipore, Merck, Germany) was 
used in these experiments. Tetraethyl orthosilicate (TEOS), ammonium hydroxide 
(NH4OH) (25%, w/v), absolute methanol (99.9%), ethanol, polyacrylonitrile (PAN), N, 
Ndimethylformamide (DMF), tween-80, and sodium hydroxidenitric acid (HNO3) and 
ferric nitrate (Fe (NO3)3.9H2O) were purchased from Sigma–Aldrich (St Louis, United 
States). A multi element standard solution of 100 mg. L−1 containing the following 
elements of interest, (Al, Ba, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Ni, Na, Ti, and Zn) was 
supplied by SpexCertiPrep (Industrial Analytical (Pty) Ltd, South Africa). The multi-
elemental standard was also utilized for preparation of calibration standards. The pH of the 
model solutions was adjusted with 1.0 mol L−1 HNO3 and NH4OH. 
5.2.2 Instrumentation 
The oven (CEM Corporation Mars 6, Matthews, NC, and USA) was used as drying source 
for the synthesis of the material. The inductively coupled plasma atomic emission 
spectroscopy (ICP-OES) (iCAP 6500 Duo, Thermo Scientific, UK) was used for 
quantification of analytes in sample solutions. The crystallinity of the material was studied 
by X-ray diffraction (XRD) analysis using PanalyticalX'Pert X-ray Diffractometer, and Cu 
Kα radiation spectrometer and the scanning area covered the range 2-theta at start position 
4.00-80.00. The scanning electron microscopy (SEM) (HITACHI COM-S-4200) was used 
to study the morphology of the material. The Energy Dispersive X-ray (EDX) 
spectroscopy was connected to the SEM for determination of the ratio of Si/Fe. Jeol JEM-
2100F field emission electron microscopy instrument that was purchased in Akishima, 
Japan,was used for transmission electron microscopy (TEM) studies. The preparation of 
TEM samples was done by putting a small quantity of synthesized sample that has been 
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dispersed into copper grid with carbon film. The surface area was analyzed using BET 
micromeritic ASAP 2020.  
5.2.3 Synthesis of Fe2O3-SiO2 by sol gel method 
The preparation, of Fe2O3-SiO2 was adopted from the literature with some modifications 
(Panda et al, 2011). Mesoporous Fe2O3-SiO2 composite was prepared by TEOS and ferric 
nitrate Fe (NO3)3·9H2O, respectively. The 300 mL of deionized water was mixed with 380 
mL of absolute ethanol and stirred for 15 min for the preparation of mesoporous Fe2O3-
SiO2composite. The 23.5 g of TEOS (98%) was added to the resulting solution and 
vigorously stirred for 30 min. Then, to the above clear solution, 4.6 g of Fe (NO3)3·9H2O 
(Si/Fe = 50, respectively) was added at once and stirred for 30 min. For gellation to take 
place 115 mL of ammonium hydroxide was added and the formed precipitate was stirred 
for another 30 min and aged for 24 h at 25°C. The material was then dried in an oven at a 
temperature of 60°C for 24 h and calcined at 550°C for 4 h in a furnace. The room 
temperature was used for cooling the final product and stored in a stoppered bottle for use.  
5.2.4 Preparation of Fe2O3-SiO2-PAN nanocomposite 
Fe2O3-SiO2-PAN adsorbent was prepared following the procedure reported by İnan and 
Altaş (2011). The mass of 10 g of Fe2O3-SiO2 hydrous oxide powder were added with the 
solvent of 50 mL of DMF (N, N-dimethylformamide) and a few drops of Tween-80 
surfactant was stirred at a temperature of 50 °C for 2 h to form homogeneous solution. The 
2 g of PAN were added in a stirring solution and temperature was kept at 50 °C for 2 h to 
obtain homogeneous solution. The ultra-pure water/methanol alcohol mixture was used as 
a gellation agent. The formed composite beads were aged for 24 h and washed using ultra-
pure water. Modification was done on the surface of the spheres by 1 M NaOH and then 
washed and air-dried at 70 °C for 2 days to remove the solvent.  
5.2.5 Experimental design 
The optimisation method of the experimental conditions was performed using the Box–
Behnken design matrix on the following factors: pH, extraction time and adsorbent mass. 
The minimum and maximum levels of the factors were generated and are shown in Table 
5.1. The results were evaluated using the recovery of Co, and similar results were obtained 
for all the metals. 
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Table 5.1: Variables and levels used in factorial design. 
Variables Low level (-) Central points (0) High level (+) 
pH 3 6 9 
ET (min) 5 17.5 30 
MA (mg) 100 200 300 
 
5.2.6 Application to real samples 
Adsorption of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co and Ti in seawater was investigated and 
experiments were conducted using the optimum conditions obtained from the RSM. 
Real water (seawater) samples collected from Durban, South Africa, were used to evaluate 
the applicability of adsorption method. The collected seawater samples were stored in 
water sample bottles for futher analysis at 4°C. The pH and conductivity were found to be 
8.3 and 4.77×105 µS/cm, respectively. The batch adsorption experiments of seawater 
samples were carried out using the optimum conditions. 
5.2.7 Data analysis 
The adsorption efficiency was calculated by the difference between the initial and final 
concentrations. The adsorbed efficiency was calculated using Eq. 5.1. 
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The adsorption capacity that is the amount of metal ions adsorbed per gram adsorbent (mg 
g-1). Its equation can be written as follows: 
 
        (5.2) 
 
v
m
CC
capacityAdsorption eo


 89 
Where Co is the initial concentration in mg L-1, Ce is the final concentration mg L-1, m is 
the amount of the adsorbent in grams (g) and v is the volume of the sample solution 
measured in litres (L). 
5.3 RESULTS AND DISCUSSION 
5.3.1 Surface identification and characterisation 
The XRD analysis of Fe2O3-SiO2 and Fe2O3-SiO2-PAN are demonstrated in Fig. 5.1. X-ray 
diffraction patterns were analysed by scanning from 4.00-80.00º 2-theta range. Fig 5.1a 
shows XRD patterns of SiO2-Fe2O3 with crystalline structure at 2-theta values 35.3º, 44.7º, 
56.1º and 63.83º. The broad peak at 2-theta values 15.0º and 40.0º indicates poor 
crystallinity. When the polymer was introduced on the same material, an amorphous 
structure can be observed on the XRD pattern of Fe2O3-SiO2-PAN (Fig. 1b). These 
observations are in agreement with those reported by Liu et al. (2011). 
 
 
Fig. 5.1: XRD patterns of (a) Fe2O3-SiO2 and (b) Fe2O3-SiO2-PAN. 
 
The SEM images of Fe2O3-SiO2 and Fe2O3-SiO2-PAN composite were studied through 
the SEM/EDX (Fig. 5.2). The SEM image Fe2O3-SiO2 (Fig. 5.2a) revealed the porous 
morphological structure. Meanwhile, Fig.2b shows the random distribution of large sizes 
that have irregular shapes through the encapsulation of Fe2O3-SiO2 particles by PAN. 
Bhaumik et al. (2011) reported results with the same resemblance. 
a b 
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Fig. 5.2: SEM images of (a) Fe2O3-SiO2 (b) Fe2O3-SiO2-PAN. 
 
The TEM images of Fe2O3-SiO2 and Fe2O3-SiO2-PAN are shown in Fig.5.3. The Fe2O3-
SiO2 (Fig.5.3a) shows structures like hexagonal in shape. This is evident based on the 
distinctive light color of PAN formed on the surface of Fe2O3-SiO2. These results were 
further confirmed by EDX mapping densely covered Fe2O3-SiO2 spheres. Similar 
observation was reported by Setshedi et al. (2015). 
 
 
Fig. 5.3: TEM image of (a) Fe2O3-SiO2 (b) Fe2O3-SiO2-PAN. 
 
The SEM-EDS spectrum of the prepared Fe2O3-SiO2-PAN composite is shown in 
Fig.5.4. The prepared composite material shows the weight percentage of 35.48% C, 
a b 
a b 
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6.45% N, 39.49% O, 0.26% Na, 14.7% Si and 3.71% Fe. The sodium that is present on the 
spectra is from the NaOH that was used during modification of the material. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.4: SEM-EDS spectra of Fe2O3-SiO2-PAN. 
The dispersion of N, C, Fe, Si and O atoms was further investigated by EDX-mapping 
analysis (Fig. 5.5). More uniform distribution on N, C, Fe, Si and O elements can be 
observed. Similar observations were reported by Teo et al, (2016). The Fe2O3-SiO2 
particles were uniformly deposited on the surface of PAN. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5: SEM-EDX mapping on Fe2O3-SiO2-PAN composite adsorbent. 
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The physical property analyses of Fe2O3-SiO2 give some understanding on the effect of 
cross-linking reaction to the chemical and physical properties of Fe2O3-SiO2-PAN. The 
BET results are very important in explaining adsorption capacity of the adsorbents towards 
adsorbates. Data obtained from BET surface area analysis on Fe2O3-SiO2 and Fe2O3-SiO2-
PAN was presented in Table 5.2. The surface areas of Fe2O3-SiO2 and Fe2O3-SiO2-PAN 
were 253 and 58m2/g, respectively. The reduced surface area on the composite may be due 
to the polymer layer around the nano metal oxides matrix (Fig. 5.3b).  
Liu et al, (2011) showed that the internal pore structure of each material plays an important 
role in the adsorption performance of different adsorbate. For this reason, the average pore 
diameter of Fe2O3-SiO2 and Fe2O3-SiO2-PAN were investigated and results were shown in 
Table 2. The pores are divided according to the size of their diameter (d) (IUPAC 
classification). Results shows that both Fe2O3-SiO2 and Fe2O3-SiO2-PAN are mesoporous 
in nature (2<d<50nm). In addition, Munonde et al, (2017) reported that nanocomposite 
material has variety of metal oxides with different shapes and sizes, which ensures more 
active sites due to more atoms on the surface and edges of the composite Munonde et al, 
(2017). 
Table 5.2: Summary of BET analysis of Fe2O3-SiO2, PAN and Fe2O3-SiO2-PAN 
adsorbents materials. 
Materials Surface area(m2/g) Pore volume 
(cm3/g) 
Pore size(nm) 
Fe2O3-SiO2 253 0.9584 14.4 
PAN 32.0 0.26 35.4 
Fe2O3-SiO2-PAN 57.9 0.53 40.1 
 
5.3.2 Optimization of the adsorption batch method 
The central composite design (CCD) matrix and the experimental data of Co are tabulated 
in Table 5.3 and similar results were also obtained for the other metals. The experimental 
results were statistically analyzed by means of analyses of variance (ANOVA), which is 
presented in a form of a Pareto chart (Fig.5.5). The parameters that were more influential 
on the adsorption process were pH, adsorbent mass and the interaction of pH and adsorbent 
mass. This can be noticed by passing the 95% confidence level. This implied that the 
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parameters that are responsible for quantitative removal of target analytes in synthetic 
samples are pH and adsorbent mass. 
 
Table 5.3: Box–Behnken design matrix and analytical response. 
 pH ET MA % Re 
1 3 5 200 25.5 
2 9 5 200 91.70 
3 3 30 200 43.45 
4 9 30 200 92.64 
5 3 17.5 100 14.05 
6 9 17.5 100 87.44 
7 3 17.5 300 76.60 
8 9 17.5 300 92.40 
9 6 5 100 48 
10 6 30 100 40.62 
11 6 5 300 72.20 
12 6 30 300 89.24 
13 6 17.5 200 51.12 
14 
15 
6 
6 
17.5 
17.5 
200 
200 
79.3 
70.8 
 
 
Fig. 5.6: Pareto chart of standardized estimated effects caused by investigated factors. 
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The quadratic models of the RSM was used to construct the response surface plots that 
were used to investigate the interactive effect of two independent factors and their 
interactions on the amount of trace metal adsorbed. The 3D plot of combined effect of pH 
with extraction time and adsorbent mass are shown in Fig.5.7. The maximum percentage 
recovery of above 95% was obtained when pH was at the range of 8-8.3 and MA of 300-
330 mg (Fig.5.7). Based on the RSM model the optimum condition were found to be MA 
330 mg, sample pH 8.3 and extraction time of 24 min.  
 
 
Fig. 5.7: Response surface plot of combined effect of pH with extraction time and 
adsorbent mass, together with effect of adsorbent mass with extraction time on percentage 
recovery. 
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5.3.3 Confirmatory experiments and adsorption capacity 
The analytical data obtained from the RSM model under the optimised condition (pH 8.3, 
adsorbent mass of 330 mg and extraction time of 24 min) were validated by performing 
confirmatory experiments. According to the results given by the RSM model, the predicted 
response for sorption of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti ranged from 95-97%. The 
experimental results ranged from 94-98% and these results were in close agreement with 
the predicted response. One of the important factors is adsorption capacitybecause it 
determines the amount of adsorbent required to quantitatively remove a specific 
concentration of adsorbate from the sample (Munonde et al, 2017). The determination of 
the adsorption capacity for the target analytes was obtained by measuring 330 mg of the 
adsorbent was added to 10 mL of an aqueous solution containing 100 mgL−1 multi-
elements and sonicated for 24 min. The concentration of the analytes and the supernatant 
solution was determined using ICP-OES. The results obtained showed that the adsorption 
capacities ranged from 3.6-4.7 mg g-1. 
5.3.4 Adsorption kinetics 
The adsorption kinetics of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti were analysed using the 
following kinetic models; pseudo-first order, pseudo-second order and the intra particle 
diffusionmodels for examining adsorption process. The equation for pseudo-first order is 
as follows:  
 
tkqqq ete 1ln)ln(          (5.3) 
 
Where qt is the amount of adsorbate, adsorbed (mg g
-1) at time t, k1 is the rate constant 
(min-1) The first order rate constant can be calculated from the intercept and slope of the 
plot (Naushad, 2014; Lagergren, 1898). Pseudo-second order equation is as follows: 
t
qqkq
t
eet
11
2
2

         (5.4) 
Where the equilibrium sorption capacity (qe) and the second-order constant k2 (g mg
-1 min) 
(Table 5.4) can be determined experimentally from the slope and intercept of plot of t/qt 
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versus t). In addition, the initial sorption rate (h) and the half adsorption times were 
calculated from the equations (5.5 and 5.6). 
 
2
2 eqkh            (5.5) 
eqk
t
2
2
1
1

          (5.6) 
 
Table 5.4 shows results for pseudo-first and-second order.The correlation co-efficient (R2) 
of pseudo–second order gives the best fit (R2≥0.99) for sorption of Cr, Cu, Al, Ba, Zn, Ni 
and Ti unto Fe2O3-SiO2-PAN together with R
2 ≥0.8 for Co. The pseudo-first order was 
followed by Mn trace metal. The correlation co-efficient on this model is higher than the 
ones obtained in pseudo-first order model. Moreover, the qe values that were calculated in 
pseudo-second order are in agreement with the experimental values obtained. Furthermore, 
the half adsorption time it’s the time required in the removal of half of the amount of the 
analyte of interest at equilibrium (Nomngongo et al, 2014). The results show that the 
affinity was high between the adsorbent and metal ions; this can be seen through the short 
half-adsorption times achieved in most of the metals except for chromium. 
 
Table 5.4: Kinetic parameters for pseudo- second-order model. 
Ions  qe (mg g−1) K2(g mg−1 
min−1) 
R2 h (mg g−1 
min−1) 
t1/2 (min) 
Al 2.16 1 0.9999 4.68 0.48 
Ba 6.80 0.03 0.918 1.39 4.90 
Cr 4.34 7.5 0.999 141.3 0.03 
Cu 7.35 0.42 0.999 22.7 0.32 
Co 7.04 0.02 0.800 0.81 8.71 
Mn 3.22 0.02 0.611 10.37 0.310 
Ti 2.86 0.133 0.998 1.08 2.63 
Ni 2.51 0.183 0.994 1.153 2.17 
Zn 5.10 0.69 0.9999 17.9 0.28 
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In order to get the information on the rate limiting step, intraparticle diffusion was 
calculated and results were reported (supplementary data). The step that limits the rate is 
either the boundary layer, which is the (film), or the intraparticle (pore) diffusion of solute 
from the bulk solution to the adsorbent surface. To investigate the chance of having 
intraparticle diffusion, Eq. 5.7 must be calculated (Weber & Morries, 1964). 
 
Ctkq idt 
5.0          (5.7) 
Adsorption capacity (qt) is calculated at any time t, the kid is the constant for intraparticle 
diffusion (mg g-1 min1/2) and the film thickness is represented by C. The intraparticle 
diffusion is considered the rate determining step if plot of Qt vs t
0.5 gives straight line 
passing through the origin. When straight line does not pass from the origin, it indicates 
that film diffusion process had contributed. The first slope of kid1 and the second slop of 
kid2 did not pass through the origin, meaning both film and intraparticle diffusion is 
controlling the process. 
5.3.6 Application of Fe2O3-SiO2-PAN in real samples 
To evaluate the applicability of the optimised adsorption method, the synthesised adsorbent 
was used for the removal of major and traces metals from seawater collected from Durban, 
South Africa. Table 5.5 shows the analytical results before adsorption and after adsorption 
as well as percentage removal efficiencies. As seen from Table 5.5, the removal 
efficiencies ranged from 98-99.9% suggesting that the Fe2O3-SiO2-PAN was suitable for 
adsorptive removal of Al, Ba, Cd, Cu, Co, Mn, Ti, V, and Zn from complex matrix such as 
seawater. The Fe2O3-SiO2-PAN composite was comparable with previous adsorbents 
reported in the literature for the removal of trace elements from seawater (Demey et al, 
2014; Su et al, 2018; Hong et al, 2018). Chelatin resins were applied for the removal of Ni, 
Cu, Zn, Cd, Pb, Co, Cr, and Mn from seawater. Results showed that chelating resin was 
able to remove about 80-104% of the trace elements from seawater (Trujillo et al, 2012; 
Alsuhaimi et al, 2017). Therefore, the performance of Fe2O3-SiO2-PAN composite was 
comparable, and it removed trace metals from the seawater better than the reported 
adsorbents from the literature. 
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Table 5.5: Application of Fe2O3-SiO2-PAN nanocomposite for removal of trace elements 
in real sample (n = 6). 
 
Analytes Initial concentration (mg L-1) Final concentration (mg L-
1) 
%RE 
Al 203 2.794 98.62 
Ba 0.99 0.003 99.7 
Cr 0.27 0.002 99.2 
Cu 17.2 0.077 99.6 
Co 2.17 0.002 99.9 
Mn 1.49 0.002 99.9 
Ti 9.55 0.005 99.95 
Ni 65.3 1.363 98.0 
Zn 34.8 0.086 99.8 
 
The Fe2O3-SiO2-PAN composite was comparable with previous adsorbents reported in the 
literature for the removal of trace elements from seawater. Chelating resins were applied 
for the removal of Ni, Cu, Zn, Cd, Pb, Co, Cr, and Mn from seawater. Results showed that 
chelating resin was able to remove about 80 to 104% of the trace elements from seawater 
(AlSuhaimi et al, 2017; Trujillo et al, 2012). Therefore, the performance of Fe2O3-SiO2-
PAN composite was comparable with other studies, and it removed trace metals from the 
seawater better than the reported adsorbents from the literature (Table 5.6). 
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Table 5.6: Comparison of heavy metal removal efficiency using other adsorbents. 
Analytes Adsorbents 
 
Removal efficiency 
(%) 
Ref. 
Pb (II), Cu (II), Cr (II), 
Cd (II) 
Mabamboo 
activated carbon 
99.9, 100, 96.4, 98.2 (Lo et al, 2012) 
Zn (II) Clinoptilolite 100 
(Athanasiadis & 
Helmreich 2005)  
Ni (II) Clinoptilolite 93.6 (Argun, 2008)  
Cu (II), Cr (II), Ni (II) 
Eryngium 
campestre 
98.9, 98.2, 93.4 
(Vaseghi et al, 
2019) 
 
Fe, Pb, Cd, Cu, Ni Fly ash 
86.8, 76.1, 73.5, 98.6, 
96.0 
(Hegazi, 2013) 
 
Cd, Cr, Mn, Cu, 
Ni, Pb, Zn, Fe 
Aquatic plants 
61.1, 69.2, 68.0, 79.1 
74.9, 62.1, 63.0, 81.2 
(Syukor et al, 
2016) 
 
Cr3+ Cu2+, Al3+, Ba2+, 
Zn2+, Ni2+, Mn2+, Co2+, 
Ti3+ 
 
Fe2O3-SiO2-PAN 
 
99.2, 99.6, 98.6, 99.7,  
99.8, 98.0, 99.9, 99.9,  
99.9 
 
This work 
 
 
5.4 CONCLUSION 
In this study, the application on the Fe2O3-SiO2-PAN adsorbent was executed for the 
removal of major and traces metals; Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti from synthetic 
brine and seawater samples. The prepared Fe2O3-SiO2-PAN material was characterised by 
SEM, EDX, TEM, XRD and BET surface area. The transmission electron image of the 
composite material shows a core-shell structured material that was formed on the surface 
of PAN. These results were further confirmed by EDX mapping that has densely covered 
Fe2O3-SiO2 spheres. The removal of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti were 
optimised using the Box–Behnken design matrix on pH, extraction time and adsorbent 
mass. Kinetic studies were investigated by fitting adsorption data on pseudo-first order, 
pseudo-second order and intraparticle diffusion. The adsorption data was best described by 
pseudo-second-order kinetic model. The intraparticle diffusion was not the rate-limiting 
step, which means adsorption kinetics might be controlled by both film diffusion as well as 
intraparticle diffusion simultaneously. The maximum percentage removal efficiency of 
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metal ions Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti ions seawater samples ranged between 
98 to 99.9%. These results demonstrated that Fe2O3-SiO2-PAN composite is a suitable 
material for the removal of trace elements from seawater. 
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CHAPTER 6: 
ADSORPTIVE REMOVAL OF MAJOR AND TRACE METAL IONS FROM 
SYNTHETIC SALINE AND REAL SEAWATER SAMPLES ONTO MAGNETIC 
ZEOLITE NANOCOMPOSITE: APPLICATION OF MULTICOMPONENT FIXED-
BED COLUMN ADSORPTION 
ABSTRACT 
A fixed-bed adsorption study using magnetic zeolite nanocomposite as an adsorbent was 
carried out for the adsorptive removal of Ca, K, Mg, Mn, Co, and Zn from synthetic brine 
solution and seawater samples. The surface, morphological and crystalline properties were 
investigated using scanning electron microscopy (SEM), X-Ray diffraction (XRD) and 
Brunauer Emmett & Teller (BET). These analytical characterization techniques confirmed 
that zeolite was successfully modified with magnetic nanoparticles. The effects of adsorption 
process parameters such as pH, adsorbent mass and flow rate were optimized using response 
surface methodology (RSM) based on central composite. The optimum conditions were used 
to study the breakthrough curve on the fixed-bed adsorption of major and trace metals unto 
zeolite/Fe3O4. Adsorption data were correlated using the Thomas and Yoon-Nelson models 
and the empirical breakthrough curves were found to be best fitted with the predicted curves 
of both model equations. The zeolite/Fe3O4 nanocomposite material proved to be an efficient 
adsorbent for treatment of Ca, K, Mg, Al and Pb in seawater with percentage removal ranging 
from 81-99.9%. 
Keywords: Breakthrough curve; Fixed-bed adsorption; major and trace metals; seawater 
6.1 INTRODUCTION 
Many countries in the world still lack access to fresh portable water; as a result, increase 
amount of water will be needed in the future to sustain the rising population growth and 
agricultural activities. The available sources (ground water and rivers) are depleted at an 
alarming rate. However, the seawater cannot be used as portable water, industrial as well as 
agricultural purposes due to elevated salt concentration and presence of toxic heavy metals 
(Khawaji et al, 2008). Heavy metal cations, such as Pb (II), Hg (II), Cr (VI), Fe (III), Cu (II), 
Zn (II), and Ni (II), among others, are non-biodegradeble and can easily accumulate in living 
organisms even at low concentrations (Zeng et al, 2015). There are numerous techniques that 
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have been used for the treatment of heavy and trace metals in water which include filtration 
(Aziz et al, 2008), ion-exchange (Iqbal et al, 2009), reverse osmosis (Bakalár et al, 2009), 
nano filtration (Al-Rashdi et al, 2013), and adsorption (Wang et al, 2010), among others. 
Amongst these techniques, adsorption is attractive and frequently used due to its economic 
advantage, easy operation and effectiveness. It is also a green approach for removal of heavy 
metal pollutant from aqueous solution (Going et al, 2009). Several researchers have studied 
the use of low cost adsorbents for removal of metals from water such as, agricultural waste, 
industrial by-products and waste, zeolite and clays, among others (Anwar et al, 2010; Salam 
et al, 2011; Xu & McKay, 2017). Therefore, adsorbents obtained using simple methods and 
low-cost materials as well high metal adsorption affinity are required. Zeolites have been 
applied for the adsorption of heavy metals from complex matrices and have attracted the 
interest of researchers due to their attractive properties (Han et al, 2006; Kragović et al, 2012; 
Nguyen et al, 2015).  
Zeolite materials is made of nanoporousalumina silicate crystalline that are considered as 
inorganic polymers with three-dimensional network of tetrahedral units (TO4) where T is Si 
or Al, that forms interconnected tunnels and cage (Doula, 2006). The aluminium ion occupies 
the position in the middle of the tetrahedron of four oxygen atoms due to its small size, while 
isomorphous replacement of Si4+ by Al3+ yields a negative charge in the lattice. Furthermore, 
these cations are exchangeable with cations such as lead, cadmium and manganese among 
others (Stylianou et al, 2007). The exchangeable ions in zeolite are relatively innocuous 
(sodium, calcium and potassium) making it suitable for removing undesirable heavy metal 
ions (Erdem et al, 2004).Environmental problems have been solved by the application of 
Fe3O4 nanoparticles for removal of pollutants (Han et al, 2006; Kragović et al, 2012; Nguyen 
et al, 2015). These magnetic nanoparticles have large surface area and area easily dispersible 
in water (Bhaumik et al, 2011). Several studies show that zeolite modification by iron 
enhances the adsorption performance of zeolite adsorbent for heavy metals removal (Han et 
al, 2006; Kragović et al, 2012; Nguyen et al, 2015). 
To obtain fundamental engineering data on the adsorbents for field operation a continuous 
fixed-bed operation needs to be performed. The fixed-bed column has been demonstrated 
previously by many researches as it offers more efficient utilization of the sorbent capacity 
that results in better quality of the treated water (Salem & Gupta, 2012; Bhaumik et al, 2013). 
In addition, the fixed-bed column has several advantages for process engineering such as easy 
scaling from laboratory to industrial scale and also offers high yield operation (Taty-Costodes 
et al, 2005; Kopsidas, 2015; Ronda et al, 2018). 
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In this study, zeolite nanoparticles were encapsulated by iron oxide (Fe3O4) to achieve a 
well dispersed zeolite/Fe3O4 nanocomposite magnetic behaviour for the removal of Ca, K, 
Mg, Mn, Co, and Zn. The structure, surface properties and surface area of zeolite/Fe3O4 
nanocomposite were characterised using X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and Brunauer Emmett & Teller (BET) method. The fixed-bed column 
was used to study the performance of zeolite/Fe3O4 using a breakthrough curve. The effects 
of experimental parameters such as flow rate, bed height, and initial metal ions concentration 
were investigated. Performance indicators such as adsorbents exhaustion rate (AER) and bed 
volume (BV) were used in the interpretation of the data. The Thomas and Yoon-Nelson 
models were used to model the breakthrough curve as well as determining column parameters 
that may be used in a process design. 
6.2 EXPERIMENTAL PROCEDURE 
6.2.1 Materials 
Ultra-pure water (Direct- Q® 3UV-R purifier system, Millipore, Merck, Germany) was used 
to conduct all the experiments in this work. FeCl3.6H2O,Fe2SO4.7H2O and Zeolite were 
purchased from Sigma-Aldrich, Germany.A multi-element standard solution of 100 mg L−1 
containing the following elements of interest, (Zn, Cu, Mn, Al, Fe, Ca, Mg, K, and Na) was 
supplied by Prolabo, England. Sodium hydroxide (NaOH) and nitric acid (HNO3) were 
purchased from Sigma–Aldrich (St Louis, United States).The pH of the model solutions (5, 6, 
7.5, 9 and 10.02) were adjusted with 1.0 mol L-1 HNO3 and NH4OH. 
6.2.2 Instrumentation 
The oven (CEM Corporation Mars 6, Matthews, NC, and USA) was used for drying the 
synthesised material. The inductively coupled plasma atomic emission spectroscopy (ICP-
OES) (iCAP 6500 Duo, Thermo Scientific, UK) was used for quantification of analytes in 
sample solutions. The ICP-OES operating parameters during analysis were as follows: RF 
generator power/W: 1150, Frequency of RF generator/MHz: 40, Coolant gas flow rate/ 
Lmin−1: 12, Carrier gas flow rate L min−1: 0.7, Auxiliary gas/ Lmin−1: 1, Pump rate/rpm: 50, 
Viewing configuration/Touch mode: radial at a replicate: 3 and flush time/s: 30. The phase 
formation and crystallographic state of the samples were studied by XRD analysis using 
PanalyticalX'Pert X-ray Diffractometer, and Cu Kα radiation spectrometer and the scanning 
area covered the range 2-theta at start position 4.00-80.00 and a scan step time of 196.2s. The 
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morphology of the material was studied by SEM (HITACHI COM-S-4200). The Si/Fe ratio 
was also determined by Energy Dispersive X-ray (EDX) spectroscopy, which is connected 
with SEM. The surface area was analyzed using BET micromeritic ASAP 2020.  
Table 6.1: Operating parameters of ICP-OES 
Parameters Conditions 
RF generator power/W 1150 
Frequency of RF generator /MHz 40 
Coolant gas flow rate /L min-1 12 
Carrier gas flow rate /Lmin-1 0.7 
Auxiliary gas /L min-1 1 
Max integration times/s 15 
Pump rate/rpm 50 
Viewing configuration/touch mode Axial 
Replicate 3 
Flush time/s 30 
 
6.2.3 Synthesis of Zeolite/Fe3O4 adsorbent material 
Zeolite/Fe3O4 adsorbent was synthesized following the procedure reported by Mishra & 
Ramaprabhuet al, (2010). Zeolite was dissolved in ultra-pure water using the sonicator. The 
zeolite adsorbent has functional groups that allow it to be hydrophilic; this helps with easy 
dispersion of zeolite in water. The FeCl3.6H2O and FeSO4.7H2O were dissolved in ultra-pure 
water at a stoichiometric ratio of 3:2 at a temperature of 90 °C. Ammonia (NH4OH, 25%) and 
zeolite dispersed solution was used at a ratio of 1:5; this solution was added to the above 
mixture. The mixture was stirred at 90 °C for 30 min and cooled at room temperature. The 
precipitate was washed to neutral by water and the product obtain was zeolite/Fe3O4. 
6.2.4 Column study: packed-bed column performance 
The performance of a fixed-bed column sorption on the lab scale column was used to 
evaluate the performance of the zeolite/Fe3O4 nanocomposite material for removal of Ca, K, 
Mg, Mn, Co, and Zn on saline water.The adsorption experiments on the removal of analytes 
was prepared using a multi-element standard containing of 100 mg L-1 containing the 
elements of interest. A column with an internal diameter of 1.3 cm and a height of 
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 6.9 cm was used as a fixed-bed column. The bed depth of was packed to be 6, 10 and 12 mm 
corresponding to 1.4, 1.0 and 0.5 g of zeolite/Fe3O4 was packed in between the fringes. The 
white fringes were used for supporting the adsorbent. Ultrapure water was passed through the 
column to equilibrate the particles before running the column with the analyte solution. 
Peristaltic pump was used in an up flow-mode to introduce the sample, in order to ensure the 
proper wetting of the zeolite/Fe3O4 adsorbent. The process variables such as bed mass, inlet 
concentration, flow rate were investigated and the real seawater samples. Samples were 
collected at time intervals at the exit of the bed until the exit (effluent) concentration is nearly 
close to the inlet (influent) concentration, and were then measured for cations removal. ICP-
OES was used to analyse the removal of cations ions in the samples. The plot of exit 
concentration versus time gave the breakthrough curve. 
6.3. RESULTS AND DISCUSSION 
6.3.1 Surface identification and characterization 
The XRD patterns of pure zeolite and zeolite/Fe3O4 samples are are shown in Figure. 6.1a 
and b. The sharp peaks in Figure 6.1a indicate that pure zeolite sample is crystalline with 
characteristics of cubic structure. The XRD pattern of magnetic zeolite nanocomposite 
exhibits the peak of magnetite at 2 θ values of 24.2°, 33.2°, 35.7°, 40.8°, 49.8°, 54.1°, 62.5° 
and 64.06°, respectively (Figure 6.1b). The XRD results indicate that they are no noticeable 
visual change in the crystalline structure of the nanocomposite after adsorption of brine. 
However, the XRD pattern for modified zeolite/Fe3O4 had intense crystalline peaks compared 
to the pattern of pure zeolite. 
 
 
Fig.6.1: (a). X-ray diffraction patterns of pure zeolite and (b) zeolite/Fe3O4 nanocomposite. 
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The SEM/EDX was used to study the morphology and composition of zeolite and 
nanocomposite. SEM images (Fig. 6.2a) clearly suggest cubic surface of pure zeolite 
material. On the other side, figure 6.2b shows cloudy like images that could be due to the 
introduction of iron oxide in the zeolite material. 
 
 
Fig. 6.2: SEM images of (a) Zeolite (b) Zeolite/Fe3O4. 
 
The SEM-EDS of the prepared zeolite/Fe3O4is composed of the following weight 
percentages; O, Al, Si, Na and Fe respectively, with weight percentage of 47.1 %, 17.7 %, 
17.6 %, 10.6 % and 7.1 %, respectively (Fig. 6.3). The EDS peaks on zeolite/Fe3O4 
composite confirmed the presence of O, Al, Si, Na and Fe, and the presence of the iron peak 
observed on the EDS spectrum originates from the Fe3O4. 
 
 
Fig. 6.3: SEM-EDS image of zeolite/Fe3O4 composite material. 
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The BET specific surface area on a natural zeolite and zeolite-Fe3O4 composite material was 
calculated using Nitrogen adsorption–desorption isotherms curve. The shape of the isotherm 
helps in understanding the mechanism that took place in physisorption process, and also 
quantifying the size of the adsorbent pores (Kuila & Prasad, 2013). The BET surface area of 
natural zeolite was found to be 31, 158 m2/g and the zeolite/Fe3O4 composite was 85.24 m
2/g. 
Similar BET surface area (21-48 m2/g) of pure zeolite has been also reported in the literature 
(Wibowo et al, 2017; Paul et al 2017; Luna etal, 2018; Amiri-Yazani et al 2019). 
 
 A relative small BET surface area (1 m2/g) of pure zeolite was also reported by Nah et al. 
(2007). Furthermore, the pores are divided in comprehensive terms according to their 
diameter (d) as follows; macropores (d>50nm), mesopores (2<d<50nm) and microspores(d<2 
nm) (IUPAC classification).The results show that natural zeolite and nanocomposite material 
are macropores (d>50nm). This result was further confirmed by Fig. 6.4, which shows the 
characteristic feature of the type III isotherms that is convex to the P/Po axis at higher relative 
pressure (P/Po>0.4) (Muttakin et al, 2018). The adsorbed molecules in type III isotherms are 
clustered around the most favourable sites on the surface of a macroporous solid (Thommes 
et al, 2015). 
 
 
Fig. 6.4: Nitrogen adsorption–desorption isotherm curve of zeolite-Fe3O4. 
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6.3.2 Optimisation using RSM on removal of brine onto Zeolite/Fe3O4 nanocomposite 
Experimental parameters such as sample pH, flowrate and adsorbent mass affecting the 
simultaneous removal of metal ions were optimised using a multivariate statistical analysis. 
The central composite design (CCD) matrix and analytical data that were performed on each 
run is tabulated on Table 6.2. The analysis of variance (ANOVA) was used to analyze the 
experimental results. This was done in order to assess the significance of the main effects and 
their interaction. The results were presented in a form of a Pareto chart (Fig. 6.5). 
 
Table 6.2: Central composite design matrix and analytical response. 
23 PH FR AM %Re 
1 6 1 0.1 72.25 
2 6 1 1 97.0 
3 6 3 0.1 69.40 
4 6 3 1 98.91 
5 9 1 0.1 99.60 
6 9 1 1 32.26 
7 9 3 0.1 30.6 
8 9 3 1 60.0 
9 5.0 2 0.55 90.40 
10 10.0 2 0.55 28.4 
11 7.5 0.32 0.55 39.6 
12 7.5 3.7 0.55 98.0 
13 7.5 2 -0.21 0.00 
14 7.5 2 1.31 99.81 
15(C) 7.5 2 0.55 100.3 
16(C) 7.5 2 0.55 99.50 
17(C) 7.5 2 0.55 100.03 
18(C) 7.5 2 0.55 100.02 
19(C) 7.5 2 0.55 99.40 
20 (C) 7.5 2 0.55 99.38 
 
The parameters that were found to be significant at 95% confidence level are sample pH, 
flow rate and adsorbent mass (Fig. 6.5). The results show that these parameters are 
responsible in quantitative removal of Ca, K, Mg, Mn, Co, and Zn metal ions in saline water. 
Therefore, the response surface model was used to estimate the optimum conditions of pH, 
flow rate and adsorbent mass. 
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Fig. 6.5: Pareto chart of standardized effect estimated by the factors investigated 
 
To investigate the interactive effect of the three independent factors and their interaction on 
the amount of trace metal adsorbed, the quadratic models of the RSM were used to construct 
the response surface plots (Fig 6.6). The combined effects showed that about 99.9% removals 
were obtained when adsorbent mass ranged from at 1-1.4g, flow rate of 0.3-3.7 mL min−1 and 
pH of5-8. Based on the desirability function (results not included) and the RSM plots 
optimum conditions obtained from the RSM model were found to be MA 1.4g, sample pH 
7.5 and flow rate of 2ml min-1.  
 116 
 
Fig. 6.6: Response surface plot showing the combined effect of adsorbent mass with pH and 
initial concentration on adsorption capacity: other factors were fixed at central point. 
 
6.3.3 Breakthrough analysis 
When adsorption takes place in a fixed-bed column, the initial adsorbent that comes in 
contact with the analyte solution becomes saturated first (Bhaumik et al, 2013). As the times 
proceeds the adsorbent zone moves ahead until it reaches the end of the bed. The stage where 
adsorption reaches the exit of the bed is when the initial concentration is equal to the final 
concentration (Bhaumik et al, 2013). The study of the breakthrough curve is essential as it 
gives an indication on when the breakthrough point is reached, which is the point were the 
effluent concentration reaches the maximum acceptable discharge concentration (Setshedi et 
al, 2014). The breakthrough curve is usually expressed as Ct/Co as function of time for a 
given adsorbent mass (Chen et al, 2012; Ghosh et al, 2014; Setshedi et al, 2015). The 
zeolite/Fe3O4 nanocomposite adsorbent was studied on the removalof Ca, K, Mg, Mn, Co, 
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and Zn by fixed-bed column. However, to study the behaviour of the breakthrough curve on 
fixed-bed column the data was narrowed to the following selected metal ions; Ca, Mg, K and 
Co. The breakthrough point in this study is when the metal concentration in the effluent 
reaches the South African water quality guidelines of 75, 50, 50, and 1 mg L-1 for Ca, Mg, K 
and Co, respectively (Department of Water Affairs and Forestry, 1996). The capacity of the 
bed at its breakthrough is calculated from equation Eq. 1 (Jain et al, 2013). 
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The breakthrough capacity of Ca, Mg, K and Co on zeolite/Fe3O4 was calculated using eq.1, 
by varying the mass (g) and inlet concentration (mg L-1). The number of bed volume is an 
important indicator in the determination of the packed bed column performance (Setshedi et 
al, 2014). The formula of a bed volume is written as follows: 
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In addition, the regularity of replacing the adsorbent is determined by the rate at which the 
adsorbent is exhausted during adsorption process. This is the rate at which the adsorbent mass 
becomes deactivated per volume that is being treated per litre (L). The low values of 
adsorption exhaustion rate (AER) indicate that the performance of the bed is good; its 
calculation is expressed as follows (Bhaumik et al, 2013). 
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       (3) 
The performance of a fixed-bed column depends on various parameters such as bed mass (g), 
concentration (mg L−1) and flow rate mL min−1. Hence, these parameters were investigated. 
Table 6.2 shows the summary of fixed-bed parameters at breakthrough point for each the 
selected metals investigated at different adsorbent mass (1.4, 1.0 and 0.5 g) and inlet 
concentration (200, 150 and 100 mg L-1). Results in Table 6.2 show that the volume of the 
water processed increased with an increase in adsorbent mass. High capacity at breakthrough 
point was achieved at adsorbent mass of 1 and 1.4 g, which is within the range of the 
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optimum mass in grams that was predicted by the RSM method. The increase of volume 
treated at breakthrough with increased bed mass is caused by the increase in the empty bed 
residence time (EBRT), which creates more solute diffusion into the interior of the bed 
(Baumik et al. 2013). Furthermore, low values of AER calculated shows high capacity at 
breakthrough which is an indication of good performance. The results indicate that the 
optimal performance of the bed is achieved with larger adsorbent mass. When initial 
concentration was varied from 100 to 200 mg L-1 it was observed that the decrease in the inlet 
concentration leads to increase in volume of water processed per litre and capacity at 
breakthrough point. The results obtained were comparable with those reported in the 
literature (Setshedi et al, 2015; Muliwa et al, 2018). 
6.3.3.1 Effect of adsorbent mass 
The number of active sites that are available for sorption depends on the adsorption mass, 
hence experiments on effect of adsorbent mass was investigated at pH 7.5 and a 
concentration of 200 mg L-1 using the flow rate of 2 ml min-1. The adsorbent mass was varied 
from 0.5, 1 and 1.4 g. Figure 6.7 shows the breakthrough curve of Ca removal by 
zeolite/Fe3O4 at different adsorbent mass; other graphs for Mg, K and Co are reported in 
Appendix 1; see section Appendix1: Chapter 6. Fig A1, page Fig 136. The exhaust times on 
the bed mass of 0.5, 1 and 1.4 g were found to be 160, 380 and 400 min respectively. As seen 
from Fig. 6.7, adsorption is dependent on adsorbent mass. As adsorbent mass increases, 
increase in time was also observed in the exhaustion time due to more binding sites in the 
column (Han et al, 2006). 
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Fig. 6.7: Effect of adsorbent mass on breakthrough curve for treatment of Ca using 
zeolite/Fe3O4 (Flow rate of 2mL min
-1, pH 7.5 and concentration of 200 mg L-1). 
 
6.3.3.2 Effect of initial concentration  
The effect of initial concentration on the breakthrough curve was investigated using synthetic 
solution of 200, 150 and 100 mg L-1 of Ca, K, Mg and Co respectively. Fig. 6.8 shows a 
breakthrough curve of Ca that was studied on the mass of 1.4 g and a flowrate of 2 mL min−1. 
Graphs of K, Mg and Co were reported in Appendix 1; see section Appendix1: Chapter 6. Fig 
A2, page Fig 137. Breakthrough point of Ca, K, Mg and Co as stipulated by South African 
water quality guide lines was achieved at 710, 312, 260 and 460 min, respectively. Results 
show that breakthrough time decreases with the increase in initial concentration (Fig. 6.8). An 
early breakthrough is achieved when high concentration is used. Capacity at breakthrough 
point decreases from 88.9-30, 0.4-0.2, 22.5-6, and 7.5-2.14 mg g-1 with an increase in initial 
concentration from 100 to 200 mg L-1 for Ca, Co, K and Mg respectively (Table 6.3). At high 
concentration the binding sites are rapidly filled with the sorbate ions which intend leads to 
decrease in breakthrough time. Sorption sites are saturated at high concentration leading to 
high adsorption exhaustion rate. When the ion concentration is low the ratio of surface active 
sites to the total metal ions in solution becomes high, leading to the interaction of all metal 
ions with the adsorbent hence removal of metals is high (Amarasinghe & Williams, (2007). 
Similar results were also obtained by Han et al, (2009). 
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Table 6.3: Summary of fixed-bed parameters at breakthrough point for Ca, K, Mg and Co 
adsorption onto zeolite/Fe3O4. 
Adsorbent 
mass (g)  
Analytes tb(min)  Volume 
processed 
(L)  
Bed 
volume 
processed  
Capacity at 
breakthrough 
point (mg/g)  
AER 
(g/L)  
EBCT 
(min)  
 Ca       
1.4   280 0.56 324 30 2.5 162 
1   275 0.55 550 41.25 2.0 275 
0.55   45 0.09 416 12.27 6.11 208 
 Co       
1.4   120 0.24 138 0.20 5.83 69 
1  110 0.22 220 0.44 4.5 110 
0.55   5 0.01 46 0.02 55 23.15 
 K       
1.4   85 0.17 98 6 8.23 47.75 
1  80 0.16 160 8 6.25 80 
0.55   2 0.004 18 0.36 137 9 
 Mg       
1.4   20 0.04 23.1 2.14  35 11.57 
1  10 0.02 20 1 50 10 
0.55  5 0.01 49.3 0.91 55 23.1 
Inlet conc. 
(mg L-1)  
Analytes tb(min)  Volume 
processed 
(L)  
Bed 
volume 
processed  
Capacity at 
breakthrough 
point (mg/g)  
AER 
(g/L)  
EBCT 
(min)  
 Ca       
200   280 0.56 324 30 2.5 162 
150  370 0.74 428.2 39.6 1.89 370 
100  830 1.66 960.6 88.9 0.84 480 
 Co       
200  120  0.24  138 0.20  5.83 69 
150  270 0.54 312.5 0.38 2.59 156.3 
100  290 0.58 335.6 0.4 2.4 167 
 K       
\200  85 0.17 98 6 8.23 47.75 
150  126 0.25 145.8 8.9 5.55 72.9 
100  315 0.63 364.6 22.5 2.22 182.3 
 Mg       
200  8 0.016 9.25 0.57 87.5 8 
150  12 0.02 13.89 0.71 70 6.9 
 121 
100  105 0.21 121.5 7.5 6.7 60.75 
 
Fig. 6.8: Effect of Inlet concentration on breakthrough curve for treatment of Ca using 
zeolite/Fe3O4 (Flow rate of 2 mL min
-1, pH 7.5 and adsorbent mass 1.4 g). 
 
6.3.4 Modelling of breakthrough curve 
6.3.4.1 Thomas model 
The Performance of a column can be modelled using the Thomas model. The Thomas Model 
has been the most used method for modelling continuous column. It assumes the plug-flow 
behaviour and neglects mass transfer resistances in a fixed-bed column (Kittinya et al, 2014).  
Its linearized formula is written as follows: 
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The plot of ln (Co/Ct)-1vs. t is used for determination of Thomas constant (kTh) (ml min
-1 mg-1 
and qo which is the equilibrium of analysts up take per gram of adsorbent (mg g
-1). The 
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amount of adsorbent in a column is represented by x (g), CO is the initial concentration at 
time t (min).  The value of t is calculated from the flow time (ml) per flow rate (ml min-1). 
The maximum solid-phase concentration (qo) was calculated using different bed depth and 
inlet concentration, results were reported in Table 6.4 and 6.5. The capacity of the metal 
uptake increases with increase in the bed heights (6, 10, and 12 mm). The increase in the 
capacity is due to the increase in the surface area of adsorbent leading to more binding sites 
for the adsorption. It can be seen from Table 4 that the values of kTh increases with the 
decrease in the bed height. Results show that the maximum capacities of Ca, Co, K and Mg 
were dependent on the bed depth. Thomas model offers good advantages such as maximum 
capacity of the column among other parameters. The maximum capacity is one of the most 
important factors in the adsorption process. In addition, the data obtained for capacity at 
breakthrough in experimental and theoretical were found to be close to each other. In 
addition, the good correlation co-efficient obtained for both Thomas model suggested that 
this model was the best representative of breakthrough curve.  
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Table 6.4: Thomas and Yoon-Nelson model parameters at different adsorbent mass.. 
Adsorbent mass (g) Analytes Thomas model Yoonas-Nelson model 
  kTh(mL/min mg qo (mg/g) R
2 kYN(min
-1) Τ R2 
1.4 Ca 0.109 124.92 0.962 0.029 327 0.962 
 Co 0.0324 207.8 0.856 0.007 6735.7 0.856 
 K 0.14 30 0.799 0.022 125 0.799 
 Mg 0.049 12.1 0.662 0.012 35 0.662 
        
1.0 Ca 0.156 141.5 0.893 0.035 315.4 0.893 
 Co 0.148 91.6 0.845 0.017 398.8 0.845 
 K 0.11 49 0.799 0.021 132.1 0.799 
 Mg 0.35 3.8 0.872 0.014 468.57 0.872 
        
0.55 Ca 0.193 79 0.853 0.083 46.3 0.952 
 Co 0.07 175 0.783 0.014 254.5 0.729 
 K 0.884 4.99 0.999 0.133 9.13 0.999 
 Mg 0.166 4.86 0.889 0.055 3.9 0.890 
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6.3.4.2 Yoon-Nelson model 
The Yoon-Nelson model is based on the assumption that the decrease rate of adsorbate 
adsorption is directly proportional to the adsorbate breakthrough (Setshediet al, 2014).  The 
Yoon-Nelson model has a simple form compared to all the models as it needs less column 
parameters and computational time (Chatterjee et al, 2017). Its linearized equation is shown 
in Eq. 4 (Brion-Roby et al, 2018). 
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Where KYN is the Yoon-Nelson rate constant (min) and τ is the required time at 50 % 
adsorbate breakthrough (min). The value of τ depends on the time, which means it has no 
potential impact on the prediction of the breakthrough curve (BTC). The values of KYN and τ 
can be calculated from the linear slope ofln [(Ct/Co-Ct)] vs. t. Results shows that the values 
of KYN increase with the decrease in adsorbent mass and it increases with the increase in the 
concentration. The parameters obtained in this model were used to predict the breakthrough 
curve (Table 6.5). The Yoonas–Nelson model closely represented the experimental data 
obtained. 
 
 
 125 
Table 6.5: Thomas and Yoon-Nelson model parameters at different inlet concentration. 
Inlet Conc. (mg L-1) Analytes Thomas model   Yoonas-Nelson model 
  kTh(mL/min mg qo (mg/g) R
2 kYN(min
-1 τ v 
200 Ca 0.109 124.92 0.962 0.029 327 0.962 
 Co 0.0324 207.8 0.856 0.007 6735.7 0.856 
 K 0.14 30 0.799 0.022 125 0.799 
 Mg 0.049 12.1 0.662 0.012 35 0.662 
        
150 Ca 0.405 62.9 0.920 0.051 349 0.920 
 Co 0.150 31.0 0.926 0.042 356 0.816 
 K 0.272 28 0.904 0.034 159.4 0.924 
 Mg 0.13 5.7 0.698 0.021 25 0.700 
        
100 Ca 0.187 81.3 0.923 0.015 709 0.932 
 Co 0.045 136.06 0.852 0.005 868.6 0.852 
 K 0.837 41.6 0.837 0.010 355.4 0.837 
 Mg 6.45 0.56 0.990 0.019 122 0.990 
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6.3.5 Adsorption on seawater samples 
The zeolite/Fe3O4 nanocomposite material was applied on a fixed-bed column for the 
treatment of major cations found in seawater collected in Durban, South Africa. The samples 
(seawater) collected were stored in water sample bottles for further analysis at a temperature 
of 4 °C. The pH and conductivity were found to be 8.3 and 4.77×105 µS/cm, respectively. 
The main compositions that were found in seawater samples was as follows; Ca 500 mg L-1, 
K 554 mg L-1 and Mg 1500 mg L-1, 44 Al mg L-1, 161 Sb mg L-1, 2.43 Pb mg L-1 and Ba 94 
mg L-1.Table 6.6 shows the application of zeolite/Fe3O4 nanocomposite material on removal 
of trace and heavy metals from water that was attained when the bed mass of 1 g and a flow 
rate of 2 ml min-1were used. The breakthrough time of the following major elements Ca, K 
and Mg were found to be 10, 20 and 5 min, respectively with the bed exhaustion time of 140, 
170 and 140 min. The following are the volumes that were treated per L at breakthrough 
point on Ca, K and Mg; 0.03, 0.04 and 0.01 L, which corresponded to the following AER 
values; 33.33, 25 and 100 g L-1.  
 
Table 6.6: Zeolite/Fe3O4 nanocomposite material on removal of trace and heavy metals from 
seawater samples. 
Elements Before adsorption (mg L-1) After adsorption (mg L-1) %R 
    
Ca 500 18 96.4 
K 554 1.29 99.8 
Mg 1500 1.4 99.9 
Al 44 1 97.7 
Pb 2.43 0.41 83.1 
Sb 161 67.5 58.0 
Ba 94 50 47.0 
 
Table 6.7. shows the comparison of adsorption capacity for fixed bed column on various 
adsorbents reported by other researchers. Results that were obtained in this study were 
comparable to the literature (Table 6.7.) 
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Table 6.7: Performance of Zeolite-Fe3O4 adsorbent with other adsorbents reported in the literature on the on fixed-bed adsorption of heavy 
metals. 
Adsorbents Species Fixed bed column adsorption 
parameters 
Qmax (mg/g) Fixed-bed model Ref. 
pH Co   tb  
   (mg L-1) (min)    
Magnetic graphite oxide  Pb 2+ 
As 3+ 
Cd 2+ 
Cr  (VI) 
2 10.0  39.3 
7.23 
9.69 
2.94 
Thomas and 
Adams-Bohart 
Ghasemabadi 
et al, 2018 
Chitosan/bentonite/MnO Mn 2+ 6.0 50 150 15.2 Thomas and 
Adams-Bohart 
Muliwa et al, 
2018’ 
Treated laterite Pb 2+ 7.8 3 20 2.5 Thomas, Adams-
Bohart and Yoon 
Nelson 
Chatterjee et 
al, 2018 
Carboxyl modified jute fibre Cu2+ 
 
 
14 100 1.89 
 
 
25.6 Thomas,Yoon- 
Nelson and Bed 
Depth Service Time 
(BDST) 
Du et al, 
2018 
 
Zeolite A 
Cs+ 
Sr2+ 
6 100 80 
115 
25 
42.6 
BDST  El-Kamash, 
2008 
Sunflower waste carbon 
calcium-alginate beads 
Cd2+ 4.1 10 9900 23.6 BDST Jain et 
al,2013 
Zeolite-Fe3O4 Ca
2+ 
K+ 
Mg2+ 
Co 
7.5 200 280 
120 
55 
8 
124 
207 
30.0 
12.0 
Thomas,Yoon- 
Nelson 
This study 
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6.4 CONCLUSION 
The prepared zeolite/Fe3O4 has shown to be an effective material for the treatment of Ca, K, 
Mg, Mn, Co, and Zn. The adsorption of Ca, K, Mg and Co on zeolite/Fe3O4 was found to be 
dependent on flow rate, pH and bed depth. The study of breakthrough curve shows that the 
maximum adsorption capacity was found to be influenced by adsorbent mass and inlet 
concentration. Therefore, zeolite/Fe3O4 is a cheap composite material that is capable of 
producing more results that are efficient. Thomas and Yoon-Nelson models were applied on 
experimental data to predict the breakthrough curve and the results obtained showed that both 
models were best representative of breakthrough curve that were experimental acquired. The 
results show that zeolite/Fe3O4 nanocomposite adsorbent is an effective adsorbent for treating 
major ions in seawater. 
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CHAPTER 7: 
GENERAL CONCLUSIONS AND RECOMMENDATION 
7.1 GENERAL CONCLUSION 
In this study, the hypothesis has been proven and all the objectives that were set have been 
achieved. This chapter listed a summary of conclusion that supports the main objectives of 
each investigation. 
 The Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 nanocomposite materials that were used for 
desalination of seawater were prepared by sol gel method. The morphologies of SiO2, 
Fe2O3, Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 were studied by SEM, TEM and XRD. The 
Fe2O3-SiO2 nanocomposite material showed porous morphological structure that 
suggests that it could be a good adsorbent. The composite material Fe2O3-SiO2 had 
crystalline structure that originates from crystalline peaks of Fe2O3. The TEM images 
of iron oxide showed the structures that have been dominated by spherical shapes. 
These shapes disappeared and Fe2O3-SiO2 composite only showed appearance of 
structures like hexagonal in shape. Whereas, TEM measurements of 
SiO2/Nb2O5/Fe2O3 showed shell like structure material. 
 The surface area of the material was perfomed using the BET and there results 
showed that the Fe2O3-SiO2 composite material has large surface area of 253 m
2 g−1 
which are responsible in the removal of Na, K, Ca and Mg. 
 The parameters affecting the experimental parameters for removal of Ca, K, Mg and 
Na in the synthetic saline samples were optimized using the response surface 
methodology based on central composite design. The optimal conditions for removal 
of Na, K, Ca and Mg were found to be pH 7.5, 15 min, 1000 mg L-1 and 1.0 g for 
sample pH, extraction time, initial concentration and mass of adsorbent, respectively. 
 Under optimized condition, the adsorption of Ca, K, Mg and Na in synthetic saline 
samples followed Langmuir model better than Freundlich isotherm. The RL value 
from Langmuir isotherm indicatedthat the sorption of Na+, K+, Ca2+ and Mg2+ ions 
favourable. While the mean free energy of adsorption was <8 kJ.mol suggesting the 
mechanisms of adsorption of the major cations onto the nanoadsorbents were 
physisorption.  
 The optimal conditions were applied on the removal of Na, K, Ca and Mg from 
seawater using Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 nanocomposite material. The 
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results showed that the synthesized Fe2O3-SiO2 composite removed Ca, K, Mg and 
Na metal ions from saline water at the range of 93-95% and SiO2/Nb2O5/Fe2O3 
removes about 76-97%. These results showed that Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 
composite material could be good adsorbents for desalinating seawater.  
 The synthesis of Fe2O3-SiO2-PAN adsorbent was carried out using the in-situ method 
of preparation. The prepared Fe2O3-SiO2-PAN material was characterised by SEM, 
TEM, XRD and BET. The TEM image of the composite material showed a core-shell 
structured material that was formed on the surface of PAN. These results were further 
confirmed by EDX mapping densely covered Fe2O3-SiO2 spheres. Application of 
Fe2O3-SiO2-PAN on the removal of trace metals Al, Ba, Cd, Cu, Co, Mn, Ti, and V 
in seawater was conducted using the optimum conditions obtained from Box–
Behnken design matrix. 
 Kinetic study was investigated by fitting in the data on the pseudo-first order, 
pseudo-second order and intraparticle diffusion. Results showed that the data was 
fitted well on pseudo-second order kinetic model. The percentage removal on 
treatment of Cr, Cu, Al, Ba, Zn, Ni, Mn, Co, and Ti ion seawater samples ranged 
from 98-99.9%. The Fe2O3-SiO2-PAN composite material was efficient for the 
removal of trace elements from seawater. 
 The fixed-bed column was studied on the adsorptive removal of major and traces 
metal ions from synthetic saline and real seawater samples onto magnetic zeolite 
nanocomposite. Results showed that adsorption of Ca, K, Mg and Co on 
zeolite/Fe3O4 were dependent on flow rate, pH and bed depth. The breakthrough data 
was well fitted by both Thomas and Yoon-Nelson model. 
 The zeolite/Fe3O4 nanocomposite results showed that the adsorbent was effective for 
treating Ca, K, Mg, Al and Pb in seawater with percentage removal ranging from 81-
99.9 %. 
In overall, the treatment of major cations found in seawater was carried out using the 
following nano metal oxides; Fe2O3-SiO2, SiO2/Nb2O5/Fe2O3 and Fe3O4-Zeolite. Results 
showed that amongst these three adsorbents that were reported, Fe2O3-SiO2 was the best 
adsorbent for removal of Na+, K+, Ca2+ and Mg2+ with high removal that ranged from 84-99.0 
%. Furthermore, comparison was also done on the Fe3O4-Zeolite and Fe2O3-SiO2-PAN 
composite on the removal of trace metals from seawater. Results indicated that Fe2O3-SiO2-
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PAN nanocomposite material was the best compared to Fe3O4-Zeolite for the treatment of 
trace metals Al, Ba, Cd, Cu, Co, Mn, Ti, V, and Zn. 
7.2 RECOMMENDATIONS 
This work has focused on the treatment of major ions from seawater using Fe2O3-SiO2, 
SiO2/Nb2O5/Fe2O3 and Fe3O4-Zeolite nanocomposite materials. This study was further 
carried on by investigating the treatment of trace metals from seawater by Fe2O3-SiO2-PAN 
and Fe3O4-Zeolite.  
 It is recommended to carry on with future work on the treatment of trace metals from 
seawater and brackish water by using Fe2O3-SiO2 and SiO2/Nb2O5/Fe2O3 adsorbent 
materials.  
 In addition, the Fe2O3-SiO2-PAN composite showed good performance on removal of 
Al, Ba, Cd, Cu, Co, Mn, Ti, V, and Zn trace metals. This adsorbent can be a good 
adsorbent for treating major cations; Na+, K+, Ca2+ and Mg2+ from seawater using 
batch and fixed-bed adsorption study. 
 The removal of major and trace metals was conducted from saline and real seawater 
samples using the magnetic zeolite nanocomposite. This adsorbent showed good 
removal efficiency of 81-99.9%. The study of Fe3O4-Zeolite composite on ground 
water treatment can be done. Investigation on cations and anions removal from 
ground water is also recommended as future work to be done. 
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APPENDIX I: CHAPTER 6 
 
 
A1. Effect of adsorbent mass on breakthrough curve for treatment of Co, K, and Mg using 
zeolite/Fe3O4 (Flow rate of 2 mL min
-1, pH 7.5 and concentration of 200 mg L-1). 
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A2. Effect of inlet concentration on break through curve for treatment of Co, K, and Mg 
using zeolite/Fe3O4 (Flow rate of 2 mL min
-1, pH 7.5 and 1.4 g of adsorbent mass). 
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